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Abstract

Expanding crop diversity is essential to address the imminent challenges of agriculture. This
is especially true for organic farming, which relies on locally adapted species and varieties.
Recently, participatory research approaches have emerged as effective means to support this
endeavour. In this study, we collaborated with several stakeholders in the Lyon region, France,
to evaluate three minor species related to common wheat (Triticum aestivum subsp. aestivum):
einkorn (Triticum monococcum subsp. monococcum), emmer (Triticum turgidum subsp. dicoc-
cum) and spelt (Triticum aestivum subsp. spelta (L.) Thell). First, we assessed the agronomic
characteristics of each species, highlighting a distinction of einkorn that was associated with
high tillering, high protein content, a long phenological cycle, small kernels and low relative
yields. Second, we compared intra-species variabilities, revealing greater variation in emmer
and spelt. Lastly, outcomes of the participatory approach, including testing adaptive methods
and fostering collective learning, may interest other participatory research groups.

1. Introduction

Amidst growing concerns about the industrial food system ability to ensure food security and
nutrition under climatic and socio-economic threats, organic farming emerges as a compelling
alternative (Jouzi et al., 2017). Yet, the dominant seed system severely limits the expansion
of organic alternatives. This system, which provides genetically homogeneous varieties bred
for conventional farming, has led to a significant decrease in global crop diversity throughout
the 20th century (FAO, 2019; Khoury et al,, 2022). In contrast, organic agriculture relies on
locally rooted and diversified approaches, requiring a wide array of locally adapted varieties
(Chable et al., 2020). Hence, the reintroduction of diversity is a critical challenge for agricultural
sustainability (Lin, 2011; Mijatovi¢ et al., 2013).

Crop diversity can be reintroduced at several levels. This includes increasing species diversity,
expanding the number of varieties within each species, enhancing genetic diversity within and
between varieties and promoting a balanced spatial distribution of varieties (Bonnin et al., 2014).
In France, for example, in situ genetic diversity of common wheat decreased by over 50% during
the 20th century, despite an increase in the number of available varieties. At the European scale,
a lack of diversity among wheat cultivars has been identified as a threat to yield stability in the
face of climate variability (Kahiluoto et al., 2019).
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Participatory varietal evaluation and participatory plant
breeding (PPB) projects have proven effective in locally reintro-
ducing crop diversity (Ceccarelli & Grando, 2019). By involving
stakeholders, particularly farmers, in the breeding process, these
approaches target their specific needs (Ceccarelli & Grando, 2019;
Chable et al., 2020). However, implementing such projects is
complex. Achieving alignment with stakeholders’ goals requires
a careful balance of their preferences with scientific rigor and avail-
able resources. In addition, to select varieties adapted to specific
regional conditions and farming practices, trials are generally con-
ducted on farms, adding logistical and methodological challenges
(Riviére et al., 2013). These factors demand extensive coordination,
adaptable methodologies and long timelines (Chable & Berthellot,
2006; Dawson et al., 2011; Demeulenaere & Goldringer, 2017).
As such projects remain scarce, sharing experiences is crucial to
refining participatory methodologies.

In France, a PPB project on wheat has been ongoing since
2006 (Riviére et al, 2013). This project has mostly focused
on the dominant species of wheat, common wheat (Triticum
aestivum subsp. aestivum), with relatively less emphasis on minor
wheat species, such as einkorn (Triticum monococcum subsp.
monococcum), emmer (Triticum turgidum subsp. dicoccum) and
spelt (Triticum aestivum subsp. spelta (L.) Thell.). These minor
species can play a crucial role in diversifying agroecosystems
(Padulosi, 1996; Padulosi & Hoeschle-Zeledon, 2004).

Einkorn is a diploid wheat (genome AA) while emmer is
tetraploid (genome AABB). Emmer is derived from wild emmer
(T. diccocoides), originating from the hybridization between two
diploid wild grasses (Bonjean, 2001). Spelt and common wheat
are two hexaploid (genome AABBDD) subspecies of the same
species that emerged from a more recent hybridization between
tetraploid wheats and Aegilops tauschii (genome DD) (Bonjean,
2001). Because their kernels remain enclosed in tough glumes
after threshing (Nesbitt & Samuel, 1996), einkorn, emmer and
spelt are known as ‘hulled wheats. Hulled wheats were largely
replaced by high-yielding and free-threshing species during
the first millennium AD (Zaharieva et al., 2010; Zaharieva &
Monneveux, 2014). Yet, they are currently regaining interest due to
their perceived nutritional quality (Dinu et al., 2018; Shewry, 2018)
and potential suitability for organic farming (Cubadda & Marconi,
2002; Zaharieva et al.,, 2010; Zaharieva & Monneveux, 2014).
Several studies have reported valuable agronomic characteristics
for hulled wheats, including resistance to pests and diseases (Rouse
& Jin, 2011; Singh et al., 2008; Zaharieva & Monneveux, 2014), as
well as high protein levels, despite poor fertilization for einkorn
(Bencze et al., 2020; Longin et al., 2016; Zaharieva & Monneveux,
2014) and for certain emmer accessions (Bencze et al., 2020;
Beteselassie et al., 2007; Longin et al., 2016; Zaharieva et al.,
2010). Nevertheless, high variability exists across varieties and
environments (Longin et al., 2016; Zaharieva et al., 2010; Zaharieva
& Monneveux, 2014), highlighting the need for individual variety
evaluations in targeted environments.

This study presents the first outcomes of a participatory research
project initiated in 2019 in the Lyon region, France. This project
aims at investigating the suitability of einkorn, emmer and spelt for
diversified organic farming systems in the Lyon region.

More precisely, this article presents the initial agronomic evalu-
ation of 23 hulled wheat varieties conducted within the framework
of the participatory research project (Figure 1a). We addressed two
main questions. First, we investigated whether each hulled wheat
species (einkorn, emmer and spelt) exhibited specific agronomic
characteristics. Second, we compared the intra-species variability
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across the three species of hulled wheats, hypothesizing high vari-
ability, as they did not undergo recent intensive breeding. Lastly,
we highlighted the main qualitative outcomes of the participatory
process that may be of interest to other groups of researchers and
stakeholders.

2. Results
2.1. Characterization of species

Our first aim was to test whether we could distinguish each species
according to agronomic characteristics of interest for the stakehold-
ers. We mostly focused on variables related to weed competitive-
ness, resistance to lodging and yield.

To visually assess differences between species, we conducted a
principal component analysis (PCA, Figure 1b,c). For statistical
evaluation of such differences, we performed pairwise-comparison
tests (Tukey honestly significant difference [HSD] tests) on
adjusted means across all quantitative variables. Table 1 presents
results of pairwise comparisons, while analysis of variance
(ANOVA) results and corresponding p-values are available in
Supplemental Material 1.

In the PCA, Principal Component 1 (PC1) explained 43% and
PC2 explained 20% of variability within the data (Figure 1b,c).
Einkorn was differentiated from the other species along PC1 and
was associated with high tillering, late heading, low relative yields,
low thousand kernel mass (TKM), spreading posture at the end of
April, small height, and high protein contents (Figure 1b,c). This
trend was confirmed by pairwise comparisons, as einkorn signifi-
cantly differed from the three other species for all variables shown
in Table 1, except for emergence rate and ground cover. Indeed,
at the beginning of March, ground cover was significantly lower
for einkorn (16.8% on average) than for emmer (24.4%), but the
differences with spelt (22.8%) and common wheat (21.2%) were not
significant. However, at the end of April, einkorn had the highest
ground cover value (34.6%), even if no significant differences were
observed across species.

The distributions of emmer, spelt and common wheat varieties
overlapped in the PCA plot of individuals, indicating that they
were not discriminated according to agronomic variables (Fig-
ure 1c). Notably, these three species displayed lower tillering and
higher TKM than einkorn. Pairwise comparisons revealed that
TKM was significantly lower for emmer (36.5 g) than for spelt
(39.4 g). Furthermore, the final plant height and the total protein
content were significantly higher for the three hulled wheat species
(71.5 cm and 17.3%dm for einkorn, 78.7 cm and 14.4%dm for
emmer and 77.9 cm and 14.1%dm for spelt) than for common
wheat (67.9 cm and 12.0%dm) (Table 1).

2.2. Intra-species variability and remarkable traits for individual
varieties

Our second objective was to assess intra-species variability, which
we estimated through PCA (Figure 1b,c). Given farmers’ consid-
erations on cultivating some varieties, we were also interested in
evaluating each individual variety (Figure 2).

In the PCA individuals plot (Figure 1c), einkorn and common
wheat formed quite homogeneous groups, suggesting limited intra-
species variability compared to emmer and spelt. Notably, the
final plant height displayed remarkable uniformity across einkorn
varieties, ranging from 64.1 to 77.9 cm (Figure 2j). Among einkorn
varieties, einkorn Noir stood out for its early heading completion
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Figure 1. Analysis of agronomic variables of all varieties of einkorn, emmer, spelt and common wheat. (a) Ear morphology of the varieties under study. For mixtures of common
wheat, several ears are represented to picture the intra-varietal diversity. (b, c) PCA on agronomic variables. (b) Plot of variables. Colours indicate the quality of representation
(cos2) of each variable. Em, emergence; GC, ground cover; PH, plant height; Post, posture; Prot, protein content; Rel, relative. (c) Plot of individuals, with 95% confidence ellipses

of the mean point for each species.

(completed on May 25, Figure 2h). Yet, this variety displayed low
TKM (33.9 g), relative yield (52%), and protein content (15.7%dm)
(Figure 2l-n).

Within emmer varieties, emmer Bleu d’Ethiopie distinguished
itself for its early maturation, with heading completion on May 13
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(Figure 2h), and its short stature (final plant height of 60.4 cm)
(Figure 2j). The relatively high lodging score observed for this
variety (22.5%, Figure 2k) might be due to the measurement being
taken when the plants were completely mature. Lastly, emmer Roux
Blanc and emmer Blanc Long were characterized by very high TKM
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Table 1. Results of pairwise comparisons on adjusted means. For each species, adjusted means
and (+) standard errors (SEs) are shown. For each variable, adjusted means with the same letter
are not significantly different (p-value < 0.05, Tukey’s test). Pairwise comparisons were achieved
on all quantitative variables for which the ANOVA model was validated by the Q-Q and residuals

versus fitted plots

Variable Einkorn Emmer Spelt Common wheat
Emergence rate (%) 828 +20 831°+1.8 79.6°+18 77.48 +1.8
Plant height beg. March (cm) ~ 5.0° 0.1 8.3°+0.1 7.8°+0.1 6.7 +0.1
Ground cover beg. March (%)  16.8% +1.6 244°+15 22.8°+15 212415
Plant height end April (cm) 16.0°+04 289°+04 27.7°+04 27.9° £ 0.4
Ground cover end April (%) 346°+£20 29.8°+£19 29.9°+19 2733 +£1.9
Nb ears per plant (counts) 22°+0.1 1.1°+0.1 1.1°+0.1 1.1°+0.1
Plant final height (cm) 715°+0.7 787°+£0.7  77.9°+0.7 67.9° £ 0.7
Relative yield (%) 59.77+0.8 64.2°+0.8 64.8°+0.8 73.7°+£ 0.8
TKM (g) 23.6°+05 365°+05 39.4°+0.5 38.3° 105
Protein content (% dm) 17.3°+03  144°+03 141°+03 12.0° + 0.3

(54.1 and 46.4 g, respectively) in comparison with the average value
for all emmer varieties (36.5 g) (Figure 21 and Table 1). Among
all species, the tallest plants were observed for two spelt varieties:
spelt de Manitoba (98.1 cm) and spelt Escanda de Asturias (97.0 cm)
(Figure 2j). Spelt Escanda de Asturias was also characterized by an
elevated TKM (47.4 g). Finally, spelt Oberkulmer had exceptionally
low relative yield (42.4%) and high protein content (18.1%dm) in
comparison with the average values for all spelt varieties (64.8% and
14.1%dm, respectively) (Table 1 and Figure 2m). It is noteworthy
that a high rate of seed abortion was observed for this variety, which
might explain its distinctive characteristics.

Within common wheat, in the PCA, mixtures of landraces (Mix
GA, Mix SR, Mix HP&DM and Mix CD) and modern varieties
or mixtures of modern varieties (Energo, Apache, Mix CM and
Mix PG) were differentiated along PC2 (Figure 1c). The latter were
characterized by short plants (from 45.0 to 62.9 cm, Figure 2j),
earliness (heading completed on May 13, Figure 2h) and high
relative yields (from 73.2 to 79.1%, Figure 2m). Finally, a small
difference in protein contents was observed between mixtures of
landraces, with higher values (from 11.9 to 13.5%dm) than the two
modern varieties and the mixture of modern varieties Mix CM
(from 10.1 to 11.6%dm) (Figure 2n).

2.3. Outcomes from the participatory approach

Beyond the quantitative data on species and varieties, this study
also generated qualitative insights into the participatory approach.

To move forward despite the short time for collective discus-
sions, we tested methods based on one-to-one interactions between
researchers and individual stakeholders. First, the project was
launched through a survey. Meeting stakeholders in their working
environments and presenting a highly open project appeared to
foster trust and enable the collection of valuable inputs. Throughout
the process, we also conducted multiple one-to-one interactions
that were prepared in advance. For instance, preliminary results
were compiled into documents and discussed individually with
each stakeholder before collective discussions. This approach
facilitated the gathering of interpretations and enhanced the
understanding of analytical methods, further allowing us to better
prepare collective meetings. Overall, one-to-one interactions
proved valuable for building mutual knowledge and integrating
stakeholders’ feedback.
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Regarding experimental challenges, initial imbalances in the
on-farm trials were intensified by climatic events, preventing us
from addressing the third question on environmental impacts on
agronomic characteristics of hulled wheats. Yet, despite its limited
practical value for farmers, we also implemented a larger trial in
a single site (the Centre de Ressources de Botanique Appliquée
[CRBA]). This approach provided a secure setup for data collec-
tion, enabling the production of results that fostered discussions
for the future of the project. It is noteworthy that the trial at CRBA
was damaged by a hailstorm, which prevented some important data
collection.

The process also provided valuable collective learning opportu-
nities. In terms of organization, it shed light on the time required
for participating in such projects, on the dependence on funding
opportunities and on the critical role of facilitation. It also deep-
ened our understanding of analytical methods and the relationship
between the complexity of research questions and their experi-
mental requirements. The multiple species focus introduced an
additional layer of analysis (considering species, varieties and envi-
ronments), significantly increasing the complexity of the exper-
imental design and constraining the methodological choices for
data analysis.

This first year of experimentation also generated concrete
actions. For instance, some varieties were chosen by the farmers
and the CRBA to pursue testing. In some locations, the trials moti-
vated stakeholders to welcome local events on cereal biodiversity.
The experimental plots were showcased, raising awareness about
hulled wheats, and the broader research project was presented. In
addition, the project brought together actors from the same region
with shared interests who had not previously connected.

At the beginning of the project, there was limited knowledge
about hulled wheats among stakeholders. Therefore, we focused on
very broad questions. Through the first year of experimentation and
the participatory process, more specific questions emerged. Most of
these concerned practical aspects, such as identifying agronomic
practices to enhance tillering in hulled wheats (for better ground
coverage and lower sowing densities) and examining the effects of
different sowing densities and dates on hulled wheat characteristics.

Another qualitative outcome of the project was the motivation
among stakeholders to continue the research. We believe this
enthusiasm partly stemmed from our success in adapting the
project to stakeholders’ feedback. For example, the agronomic


https://doi.org/10.1017/qpb.2025.10010

Quantitative Plant Biology 5

Emergence rate (%) Posture beg March
100, . . N UR o0 4 A A )
.« o* . - .
i
A LT . cagh
LalEe N
‘ “ “ “ ‘“| | -
SP{ A A  SAd 4 0 addd A
¢ Plant height beg March (cm) Ground cover beg March (%) e Posture end April
15 a B URIA 0 obdd 240000 2bAdbbbbdie
: . .
2
a N'A N
10 A . . . oA .o .
al & N sdmes s . 20+ . INT/odbAAA A & s 0
R
f Plant height end April (cm) Ground cover end April (%) h Heading completion
B . Junes {0hat @b
40 B . .
a ... ‘I ¢ ¢ May31{ @A A
30 . . o o
s s .
A A
ot . May25 s AA a
20 .
- .
) |“||II ‘ IH ‘ | - B N )
0 May13 s 'Y X A Sée
! Nb of ears per plant Plant height final (cm) k Lodging (%)
N Y 30 .
3 ° .
. ..
s : . A .
2 - A M * 20
‘ . a a ee’a . # . A
A Lot . . 10 .
1 a o R
hd . ] ° . .t
. o
| || | il I .l
0 0le®essais "l & fzpl
I n .
TKM (9) Relative yield (%) Protein content (%dm)
80 . 0] s
ad . a = K a
s . . . R a
. .
40 . PP 60 . 15 . A
* - A
. 40
aas 10
20
20 5
0 0 0
TOEOEQLODOO 050 COSAXLOS VO TOEOERLODVOTOD DEOCOSAXIOS DO TOEOESQLQ D 05O COSAXLOS VO
§53=225555% g“e’%gggowwmoﬁg §5<=25555555R0 2E8SIR0ON0LOED ShIs90%8 2E85SRon0LoED
£, 2Em o EZ 25830V xxxxxTL EQG T OEMGEZR3 E025 83D xxxx 82 ES; T 0Cm S5 PS0B XX xxxTL
838% 35 25 BEY OXASSSSS 20 838%x 35 252883 B2 oXASSSSS2N 838% 35 G2y SCLSSSSSS
0,5 Fo U LT ZD S =8 Gl Lp LT Z0LE 55 Lg T
23< 28 mos 08  Ox <0g= &8 Ho53g 28  Sx <pg= a3 08  Ox
©t 35 3s - ©t 8z 3 S ct 3g O o=
Y] EE 3 > Y E% R 2> Y 3 =
c [ c
o ag 2 5 o ug 2 5 o ug 5
g i 8 & 5 &
a a a

Figure 2. Values of all agronomic variables for all varieties. For quantitative variables, the mean values are represented by histograms. Black dots and triangles indicate the values
for each of the two blocks (dots = values for Block 1 and triangles = values for Block 2). For qualitative variables, coloured dots and triangles indicate the values for each of the
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management of the trial at the CRBA was closely aligned with
farmers’ practices, enhancing its relevance. Vernacular knowledge
was also integrated at various stages of the project, including
the formulation of hypotheses, choice of management practices,
selection of assessed characteristics and assessment methods and
interpretation of results. At times, we prioritized stakeholder
preferences over scientific efficiency, especially regarding the on-
farm trials.

3. Discussion

3.1. Distinctive agronomic features for einkorn and high intra-
species variability for emmer and spelt

In our study, einkorn stood out from the other species. Einkorn
varieties displayed high tillering, high ground cover by late April,
elevated protein contents, small kernels and low relative yields
(Figure 1 and Table 1). This aligns with previous studies, including
those of Longin et al. (2016), which reported small kernels and low
relative yields, and Costanzo et al. (2019), which observed high
tillering for einkorn. This distinction of einkorn may be due to
the lack of a shared genome with tetraploid and hexaploid wheats
(Shewry, 2018).

In addition, we observed lower variability within einkorn and
common wheat compared to emmer and spelt (Figure 1c). Reduced
variability within einkorn may also be due to its diploid genome
that supports less variability. However, this contradicts prior stud-
ies that have reported high intra-species variability within hulled
wheats, including einkorn, in terms of agronomic (Longin et al.,
2016; Mondini etal., 2014; Zaharieva et al., 2010; Zaharieva & Mon-
neveux, 2014), kernel chemical (Zaharieva et al., 2010; Zaharieva
& Monneveux, 2014) and kernel morphological characteristics
(Goriewa-Duba et al., 2018).

Concerning common wheat, this limited variability is likely due
to the composition of the studied panel, which primarily includes
mixtures of similar varieties. The potentially high intra-varietal
variability within these mixtures may further contribute to the
overall low variability detected within the species. For the hulled
wheat species, the trends identified in this study are also confined to
the panels of varieties. To assess species-related agronomic charac-
teristics and intra-species variability on a broader scale, it would be
necessary to evaluate a wider range of varieties from diverse origins.

3.2. Relevance of hulled wheats for organic farming

Organic farming embraces the diversity of environmental condi-
tions and farming practices, recognizing that there is no one-size-
fits-all approach (Chable et al., 2020). Instead of seeking stan-
dardized characteristics, organic farmers prioritize characteristics
well suited to the unique conditions of their farms (Lammerts van
Bueren et al.,, 2011; Riviére et al., 2013). The diversity observed
among hulled wheats highlights their potential as a reservoir of
crop diversity in a region where they are not traditionally grown.
We collectively identified species and individual varieties meet-
ing the characteristics of interest to the farmers we worked with.
For example, weed competitiveness, which is crucial to minimize
mechanical weeding in organic farming, led some farmers to prefer
early varieties for rapid ground cover, while others favoured late
varieties for extended cover. Plant height was another concern
as it can cause lodging. Farmers also valued relative yield as a
practical indicator, enabling grain yield estimation immediately
after harvesting. Moreover, lower relative yield implies increased
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storage space occupied by glumes, as seeds are generally stored
with their hulls. Finally, protein content is crucial for grain quality,
affecting both processing and nutrition.

Considering all these factors, einkorn varieties stood out for
their suitability for extended ground cover, potential low lodging
risk and high protein content, although their storage suitability was
less favourable compared to emmer and spelt (Figure 2g,j,m,n).
Extended ground cover was likely due to higher tillering (2.5 tillers
per plant in average) and spreading form late in the season (Figure
2e-g). These results align with those of Costanzo et al. (2019) who
similarly observed better coverage for einkorn than emmer during
the phenological stage of stem extension.

In contrast, emmer and spelt varieties demonstrated superior
early ground cover and higher relative yields (Figure 2d,m). Partic-
ularly, early varieties such as emmer Bleu d’Ethiopie, spelt Arduinii
and spelt Doré appeared ideal for quick covering (Figure 2d,h).
Remarkably, emmer Bleu d’Ethiopie is a free-threshing variety,
meaning that it does not require dehulling. In addition, some vari-
eties, including emmer Bleu d’Ethiopie and spelt Ressac, exhibited
comparable or even shorter stature than einkorn varieties (Figure
2j), suggesting a potentially low risk of lodging. Similarly, Longin
etal. (2016) observed some emmer varieties that were even shorter
than modern common wheat varieties; yet, both species were not
grown with the same N levels. Certain emmer varieties also stood
out for their high protein levels (Figure 2n). For example, emmer
Gris had a protein content of 17.0%dm. High protein values for
einkorn and certain emmer varieties are consistent with previous
studies (Bencze et al., 2020; Castagna et al., 1995; Longin et al.,
2016; Mondini et al., 2014), suggesting that these varieties can
achieve elevated protein levels despite limited N fertilization.

Low yields of hulled wheats are often pointed out as a limitation,
though yield gaps with common wheat might be small in harsh
conditions. Similar studies found that spelt, emmer and einkorn
had at least 30% lower yields than common wheat, with einkorn
and emmer yielding less than spelt (Biel et al., 2016; Longin et al.,
2016). However, these studies included only modern common
wheat varieties and were conducted in more optimal conditions,
sometimes with adjusted N fertilization for each species. Other
studies compared hulled wheat yields in harsh conditions but did
not include common wheat in the experiments (Bencze et al., 2020;
Costanzo et al., 2019).

From a practical perspective, replacing common wheat by
hulled wheats, particularly einkorn, may require adjustments
in farming practices. These can include modified sowing and
harvesting schedules to align with phenological differences, as well
as adapted fertilization. Farming practices can also be adjusted to
amplify desired characteristics in specific varieties. For instance,
according to the farmers we worked with, modifying sowing dates
and densities could influence ground cover and lodging risk. Also,
hulled wheats appear particularly attractive for low-input farming
as the last crop in a rotation (Bencze et al., 2020; Costanzo et al.,
2019). This is notably true for einkorn and some emmer varieties,
which achieve high protein levels despite no fertilization (Figure
2n). Adapted fertilization can also limit plant growth, reducing the
risk of lodging (Costanzo et al., 2019; Longin et al., 2016). Finally,
diversification offers increased resilience; for example, growing
varieties with differing phenologies can safeguard against stresses
or extreme events occurring at the same time of the year, enhancing
overall farm stability.

We assessed weed competitiveness, lodging and yields through
direct measurements and potentially related variables. However,
the relationships between such variables and agronomic charac-
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teristics are not always straightforward and require further inves-
tigation. For example, the link between plant height and lodg-
ing is complex and needs more exploration (Shah et al., 2019).
Understanding the correlations between variables could also be
useful for further breeding programmes. As noted by Longin et al.
(2016) and Castagna et al. (1995), such correlations may vary
between species. For example, in einkorn, protein content does not
appear to correlate with grain yields. Finally, further research is
needed to compare hulled wheat and common wheat yields under
various marginal conditions and to better understand the contri-
butions of individual variables to final yields (Bencze et al., 2020).

3.3. Considerations for a one-year, one-environment experiment

Since the complete panel of varieties was evaluated for only one year
and at a single location (the CRBA), the trends reported in this arti-
cle may be strongly influenced by the specific conditions of that year
and location. Indeed, according to the stakeholders, heading dates
were uncommonly early, likely due to water stress from low pre-
cipitation throughout the season (Supplemental Material 2). Water
stress, together with other limiting conditions like late sowing
and no fertilization, probably also reduced tillering (Allahverdiyev,
2016), plant heights (Allahverdiyev, 2016; Mirbahar et al., 2009),
number of grains per ear and TKM (Allahverdiyev, 2016; Gupta
et al., 2001; Mirbahar et al., 2009).

On farms with less severe conditions, all varieties were taller
(Supplemental Material 3). In addition, on one farm, we observed
enhanced tillering for einkorn (reaching 5.6 ears per plant for
einkorn Graines de I'Ain), indicating the potential to improve tiller-
ing for better ground cover. The observed trends in the on-farm
trials suggest high variability for most variables, indicating poten-
tial effects of the environments and interactions between varieties
and environments (Supplemental Material 3).

All trends reported here need confirmation through repeated
experiments across multiple years and/or locations to account for
the effect of the environment. Such an effect has been reported
as important, particularly for grain yield and protein contents
(Longin et al., 2016). Conducting trials that allow the assessment
of genotype-by-environment interactions would also be valuable,
especially in the context of on-farm selection (Dawson et al., 2011;
Riviére et al., 2013).

3.4. The initial phase of a participatory project

This study provided an opportunity to reflect on the participa-
tory approach. We tested two methodological adaptations to make
progress despite a limited timeframe. First, in terms of organiza-
tion, one-to-one interactions proved effective in moving forward
despite the limited time for participatory workshops. However,
this approach required significant coordination efforts, which were
managed by the scientific team. Second, to address experimental
challenges, establishing a larger trial at the CRBA proved valu-
able for securing reliable results. In contrast, conducting trials
across multiple locations mitigates risks and enhances the overall
robustness of the study. Finding a balance between these strategies,
adapted to available resources (time, seeds, space, material, etc.)
seems essential for further experimentation.

Furthermore, in terms of experimental requirements, a dis-
tinctive aspect of this project compared to similar initiatives (e.g.
Goldringer et al., 2019) was its focus on multiple species. While
this allowed us to address stakeholders’ questions, it limited the
choice of analytical methods and complicated the generation
of meaningful results. This experience will help achieve better
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alignment between research questions and experimental designs
in the next stages of the project.

The enthusiasm expressed by stakeholders, coupled with the
emergence of new questions, underscores our ability to fulfill the
role typically assigned to researchers in participatory projects: serv-
ing as facilitators for the progress of the project and enabling the
rise of new questions (Chable & Berthellot, 2006). We attribute
this success to the efforts we made in considering stakeholders’
feedback and vernacular knowledge, even when it limited scientific
efficiency. These choices reveal the flexibility required by such
approaches (Dawson et al.,, 2011) to enhance trust and facilitate
collective learning.

Participatory research projects require a significant learning
phase to build experience, strengthen communication among
stakeholders and define a common goal (Demeulenaere &
Goldringer, 2017). The first experimental year presented in this
article can be seen as a key part of this phase, as it fostered trust and
mutual knowledge between stakeholders while enabling collective
learning about the experimental process. We believe the insights
gained from this initial phase will facilitate better alignment
between questions and available resources as the project moves
forward.

4, Materials and methods
4.1. Participatory approach

We collaborated with an array of stakeholders from an area of 80 km
around Lyon. The group included six organic farmers, a center
of botanical resources (CRBA) and a farmer organization (Asso-
ciation Régionale pour le Développement de 'Emploi Agricole
et Rural, ARDEAR).

The group was formed through a survey involving 12 farmers
and ARDEAR, during which the main project’s objectives - test-
ing marginal cereal species in the Lyon region — were presented,
and participation was invited. The survey also enabled an under-
standing of farmers’ unique contexts and challenges, explaining
their need for diversification. In addition, it led to a preliminary
identification of species of interest, along with an exhaustive list
of questions. Finally, it allowed the emergence of feedback from
stakeholders on general aspects of the project, including the impor-
tance of on-farm trials, the use of common wheat varieties already
cultivated as controls and the value of ARDEAR within the group
to ensure a better representation of farmers.

Following the survey, five participatory workshops were held
between March 2021 and March 2023. The first workshop finalized
the choice of species, research questions and provided feedback
on the choice of varieties. Three main questions were chosen for
exploration during the first experimental year: (1) What are the
main agronomic differences between species? (2) How important is
intra-species variability? (3) What is the impact of environmental
conditions on the agronomic characteristics of the species? The
second workshop focused on variables to measure. To do so, we
identified three agronomic characteristics — weed competitiveness,
resistance to lodging and yield - of major relevance for the farm-
ers. To evaluate these characteristics, we pinpointed related vari-
ables and selected assessment methods, drawing on prior research
(Bencze et al., 2020; Costanzo et al., 2019; Goldringer et al., 2019;
Longin et al., 2016) and stakeholders’ comments. During the sec-
ond workshop, we also assigned tasks between scientists and farm-
ers. The third workshop, held in March 2022, enabled us to adjust
protocols. The last two workshops focused on analysing results,
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Table 2. Einkorn, emmer, spelt and common wheat varieties were included in the trial. Farm names are indicated with initials: CD, CM, GA, HP&DM, JMG, JPC, PG and SR. We
define landraces as varieties resulting from on-farm selection, historical varieties as varieties resulting from professional selection between 1850 and 1960 and modern varieties as
those resulting from professional selection after 1960. The latter are characterized by highly homogeneous genetic structures (Khan et al., 2020; Khoury et al., 2022). Source of the
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information contained in the table: Correa et al. (2024))

Variety name

Origin of the seeds

Type of variety

Type of conservation

Harvest year of the seeds

Additional information

Einkorn (Triticum monococcum subsp. monococcum)

Allemand Association Graines de  Probably landrace Multiplied for at least 15 2018 Recovered at the beginning of
Noé (Céte d’Or, France) years in small plots in the year 2000 from a farmin Ger-
Cote d’Or (France). many.

de Bulgarie CRBA (Rhéne, France) Probably landrace Multiplied during 10 2021 Recovered around 2010 from a
years in small plots in baker in Bulgary (according to
a farm in Isére (France) whom the variety grew sponta-
and once at the CRBA. neously in the fields) and given

to the CRBA in 2020.
Graines de [Ain Association Graines de  Probably landrace Cultivated for at least 2 2021 Recovered by a French farmer
[’Ain (Ain, France) years by a farmer in the on a farm in Germany.
Ain (France).
Mix JMG Farm in the Marne  Mixture of landraces Cultivated for at least 7 2020 Mixture of 5 varieties from differ-
(France) years by a farmer in the ent origins: 1 farm in Germany
Marne (France). and 4 farms in France (in the
regions of Val de Loire, Cham-
pagne and Argonne).

Noir Farm in Haute-Savoie  Probably landrace Multiplied during at NA Recovered by a French farmer

(France) least 7 years in Haute- during farmer seed exchanges.
Savoie (France).

Petit épeautre de Provence ~ CRBA (Rhone, France) Mixture of landraces Multiplied for 3 years 2021 Mixture of two varieties (mostly
in small plots and then one recovered from a farmer
cultivated for 3 years in the Alpes-de-Haute-Provence
in a farm in the Loire (France) and small quantities of
(France). Multiplied another one obtained at farmer
once in the CRBA in seed exchanges).
small plots.

Pop de Barcelonnette CRBA (Rhéne, France) Probably landrace Multiplied once in small 2021 Provided to the CRBA by the

plots in the CRBA.

association Savors de Terroirs
(Ardéche, France).

(Continued)
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Table 2. Continued

Variety name

Origin of the seeds

Type of variety

Type of conservation

Harvest year of the seeds

Additional information

Emmer (Triticum turgidum subsp. dicoccum)

Blanc

CRBA (Rhéne, France)

Probably landrace

Multiplied for 5 years
in small plots and then
cultivated for 4 years in
the Loire (France). Mul-
tiplied once in the CRBA
in small plots.

2021

Recovered by a French farmer in
Germany (initially, it was mixed
with another emmer variety
with black ears).

Blanc long

CRBA (Rhéne, France)

Probably landrace

Multiplied once in small
plots in the CRBA.

2021

Provided to the CRBA by the
association Savoirs de Terroirs
(Ardéche, France).

Bleu d’Ethiopie

CRBA (Rhone, France)

Unknown

Ex situ conservation
(Israel Gene Bank) + 1
year of multiplication in
small plots in the CRBA.

2021

Recovered by the CRBA from the
Israel Gene Bank (IGB).

de la Forét Noire

CRBA (Rhéne, France)

Probably landrace

Multiplied once in small
plots in the CRBA.

2021

Recovered by the CRBA from a
French farmer.

de Poveda

Association Graines de
Noé (Cote d’Or, France)

Probably landrace

Multiplied once in small
plots in the Coéte d’Or
(France).

2019

Recovered from a Belgian asso-
ciation around 2018.

de Souabe

Association Graines de
Noé (Cote d’Or, France)

Probably landrace

Multiplied once in small
plots in the Cote d’Or
(France).

2020

Recovered from a Belgian asso-
ciation around 2018.

Gris

Association Graines de
Noé (Cote d’Or, France)

Probably landrace

Ex situ conservation
(CRB Clermont-
Ferrand) + 10 vyears
of multiplication in
small plots in Cte d’Or
(France).

2018

Recovered from the INRAE gene
bank (CRB) in Clermont-Ferrand
(France).

Roux Blanc

Association Graines de
Noé (Cdte d’Or, France)

Probably landrace

Multiplied during at
least 10 years in small
plots in Cote d’Or
(France).

2018

Recovered by the founder of
Graines de Noé in the year 1990
and multiplied for at least 10
years in Cote d’Or (France).

(Continued)
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Table 2. Continued

Variety name

Origin of the seeds Type of variety

Type of conservation Harvest year of the seeds

Additional information

Spelt (Triticum aestivum subsp. spelta (L.) Thell.)

Arduinii INRAE  gene bank  Probably landrace Ex situ conservation 2009 Multiplied once in Auvergne
Centre de Ressources (CRB Clermont- (France).
Biologiques Céréales a Ferrand), with only
Paille (CRB) (Clermont- one multiplication.
Ferrand, France)
de Manitoba CRBA (Rhone, France) Probably landrace Multiplied during 5 2021 Recovered by a French peas-
years in small plots in ant from a farm in Manitoba
a farm in Isére (France) (Canada).
and once at the CRBA.
Doré Farm in Haute-Savoie  Landrace or historical Ex situ conservation 2021 Recovered from a monastery
(France) variety (CRB Clermont- (monks had themselves
Ferrand) + unknown obtained the variety from
conservation in a the CRB in Clermont-Ferrand)
monastery + cultivation by a baker and cultivated
during several years in for several years (first by the
Haute-Savoie (France). baker and then by a farmer) in
Haute-Savoie (France).
Escanda de Asturias ~ Farm in Ledn (Spain) Probably landrace Cultivated for at least 5 2021 Variety from the Asturias region
years in Ledn (Spain). in Spain.
Oberkulmer Farm in the Marne Landrace Cultivated for at least 12 2020 Swiss variety recovered by a
(France) years in Marne (France). French farmer in Germany. This
variety is issued from a mass
selection of a Swiss landrace. It
was released in 1948, registered
in the European catalogue
of agricultural plant species
(https://www.semae.fr/)  and
used in breeding programmes
(Siedler et al., 1994).
Ressac Graines de Noé associa-  Modern variety Multiplied during at 2015 Belgian variety recovered by
tion (Cote d’Or, France) least 5 years in small the founder of Graines de
plots in Cote d’Or Noé. This variety was obtained
(France). at the Gembloux Agronomic
Institute and is a derivative
of Rouquin (therefore, it has
some Oberkulmer and common
wheat in its pedigree) (Bertin
et al., 2001). It is registered
in the European catalogue
of agricultural plant species
(https://www.semae.fr/).
Rouquin Graines de Noé associa-  Modern variety Multiplied during at 2015 Belgian variety recovered by

tion (Cote d’Or, France)

least 5 years in small
plots in Cote d’Or
(France).

the founder of Graines de Noé.
This variety was obtained at the
Gembloux Agronomic Institute,
and has some Oberkulmer and
common wheat in its pedigree
(Bertin et al., 2001).

Tyrolien Rouge

Farm in Normandie Landrace
(France)

Multiplied at least once 2020
in Normandie (France).

Austrian landrace (Koenig et al.,
2015).

(Continued)

0T

‘lelo ealio) 'S


https://www.semae.fr/
https://www.semae.fr/
https://doi.org/10.1017/qpb.2025.10010

ssaid Aussanun sbprquwied Aq suljuo paysiiqnd 01001°'5z0z'qdb/z 101 0L/Bi0"10p//:sdny

Table 2. Continued

Variety name

Origin of the seeds

Type of variety

Type of conservation

Harvest year of the seeds

Additional information

Common wheat (Triticum aestivum subsp. aestivum)

Mix HP&DM

Farm in Rhone (France)

Mixture of landraces

Cultivated for 10 years
in Rhone (France). Every
year, mass selection
was done to favour big
kernels.

2021

Mixture of around 100
landraces. Some varieties
were obtained from farms CD
and SR.

Mix CD

Farm in Isére (France)

Mixture of landraces

Cultivated for at least 5
years in Isere (France).
Mass selection only
done on Year 1.
Small amounts of
different varieties were
added every 2 years to
maintain a high level of
genetic diversity.

2021

Mixture of 30 varieties (land
varieties and varieties from
participatory plant breeding).
The varieties were chosen
for their adaptation to local
pedoclimatic conditions,
resistance to lodging and high
yields.

Mix SR

Farm in Loire (France)

Mixture of landraces

Cultivated for 3 years
in Loire (France). Every
year, mass selection
was done to favour big
kernels.

2021

Mixture of around 10 landraces
(Carossela,  Cucceta, Barbu
Milanais, Saissette de Provence,
Touzelles, Meunier d’Apt, Bardot
and Bladette). Some of the
varieties came from CD farm.
Initially, varieties were chosen
for their resistance to lodging,
diseases and cold weather.

(Continued)
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Table 2. Continued

Variety name

Origin of the seeds

Type of variety

Type of conservation

Harvest year of the seeds

Additional information

Mix GA

Farm in Ain (France)

Mixture of landraces
and historical varieties

For 5 years,
multiplication of each
variety separately in
the Ain (France). Within
each variety, mass
selection was done
every year to favour
adaptation to local
climatic conditions,
lodging resistance and
ground cover. The
mixture was composed
every year with equal
proportions of each
variety.

2021

Mixture of 4 landraces (Rouge
de Bordeaux, Barbu du mdcon-
nais, Autrichien and Alauda). Ini-
tially, the varieties were chosen
for their adaptation to the pedo-
climatic conditions of the Ain
department.

Mix PG

Farm in Isére (France)

Mixture of modern vari-
eties

Cultivated for 5 years
in Isére (France). Mass
selection is done every
year to favour weed
competitiveness  and
kernel size.

2021

Mixture of commercial varieties
(Renan, Togano, Apache, Arm-
strong, Pireneo) and residues of
landraces (from the CD farm).
Varieties were initially chosen
for their adaptability to moun-
tainous weather.

Mix CM

Farm in Loire (France)

Mixture of modern vari-
eties

Cultivated for 2 years in
Loire (France).

2021

Mixture of 5 commercial vari-
eties (Togano, Filou, Arenzo and
2 others) and residues of lan-
draces.

Apache

Farm in the Marne
(France)

Modern variety

Cultivated for several
years in the Marne
(France) under
conventional practices.

2020

Commercial variety, registered
in the French catalogue in 1998
(https://www.semae.fr/).

Energo

Farm in the Marne
(France)

Modern variety

Cultivated for several
years in the Marne
(France) under
conventional practices.

2020

Austrian commercial
variety, registered in
the European catalogue
(https://www.semae.fr/).
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Table 3. Selected variables to evaluate weed competitiveness, resistance to lodging and yield, along with the corresponding methods of measurement. Plant posture, plant height and ground
cover were evaluated from March 2 to March 4 and from April 19 to April 20. Lodging and plant final height were assessed from June 13 to June 16. Emergence rate, ground cover and the number of
ears per plant were assessed on a 100 x 60 cm quadrate that included the three central rows of each plot. For all variables measured on individual plants, mean values for each plot were calculated.
After harvesting, 60 g of ears (when available) were sampled from each plot and subjected to threshing and dehulling using a laboratory threshing machine. Naked kernels were used for TKM and
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protein content determinations. Crosses indicate the characteristic(s) to which each variable is related.

Weed Resistance Scale of Method of

Variable competitiveness lodging Yield measurement measurement

Emergence rate (%) X X Plot (100 x 60 cm quadrate) Number of single plants divided by the number of germinable seeds.

Posture beg March (spreading, inter- X Plot Visual assessment.

mediate, upright)

Plant height beg March (cm) X 16 plants per plot Distance between the soil and the highest point of the plant, without
straightening it.

Ground cover beg March (%) X Plot (100 x 60 cm quadrate) Visual assessment.

Posture end April (spreading, interme- X Plot Visual assessment.

diate, upright)

Plant height end April (cm) X 16 plants per plot Distance between the soil and the highest point of the plant, without
straightening it.

Ground cover end April (%) X Plot (100 x 60 cm quadrate) Visual assessment.

Nb ears per plant (counts) X X Plot (100 x 60 cm quadrate) Estimation relatively to single plant densities.

Heading completion (completed, not X Plot Monitoring each week from May 13 to June 8 (5 measurements). The

completed) heading is considered completed when more than 50% of the ears
have been headed (50% of the ear visible).

Lodging (%) X Plot Visual assessment (estimation of proportions of plants at different
angles from the vertical) and calculation of a lodging severity score
using the same method as Costanzo et al. (2019) with minor modifi-
cations (p.p. = proportion of plants in the given angle range (%).

Plant final height (cm) X 20 plants per plot Distance from the soil to the tip of the ear of the main tiller, straight-
ening the plant when necessary.

Relative yield (%) Plot Kernel mass after threshing and dehulling divided by the ear mass
before threshing and dehulling.

TKM (g) X Plot Estimation on 331 kernels with the technology ‘Optoagrimetric’
developed by Optomachines (http://optomachines.fr). For each
sample, the average surface mass (g/mm?) was multiplied by the
average surface (mm?) of one kernel (x1000).

Protein content (%dm) Plot Measured on 1.5-3 mg flour withdrawn from the milling of 12 g of

kernels using a CYCLOTEC 1093 Sample mill (FOSS TECATOR), with
a 0.5 mm grid. % N content measured by the Dumas combustion
method (with an AE 2000 NC soil analyser, Model Flash Smart 230V
AC 50/60 Hz 1400VA, ThermoFisher). Protein content is considered
as % N x 5.7 and expressed with respect to dry matter.
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sharing feedback on the first experimental year and planning the
next steps. One-on-one interactions between workshops further
supported trial design, discussions of preliminary results and other
adjustments to the process.

4.2. Field trial

Seven einkorn, eight emmer, eight spelt and eight common wheat
varieties were evaluated during the growing season 2021/2022
(Table 2). For hulled wheats, we explored different seed sources and
selected all varieties with sufficient seed quantity for the trial. For
common wheat, we included the six mixtures of varieties cultivated
by each of the farmers involved in the project, along with two
modern varieties: Apache and Energo. All varieties were evaluated
at the CRBA (Charly, Lat 45.6°N, Long 4.8°E, Alt 242 m) in a
complete-randomized block design, with two blocks (Supplemen-
tal Material 4). In addition, a subset of these varieties was assessed
across the six farms; however, due to design imbalances and cultural
accidents, the data from these evaluations are not included in
this article (see Supplemental Material 3 for the corresponding
experimental designs and data).

At the CRBA, the soil was sampled in April 2022. It was super-
ficial (30 cm depth), had a sandy-loam texture (58% sand, 33%
silt and 9% clay) and 20% of stones. The pH was 6.4 with 2% of
soil organic carbon content. Consequently, the soil water holding
capacity was low (around 1.2 mm/cm of soil). Pre-crops were either
a permanent grassland or a permanent grassland followed by one
year of diversified vegetable culture. The experiment was sown
between November 19 and November 21, 2021, after a superficial
tillage at 15 cm depth (Rotovator Kubota RTZ 3011).

Plots were 1 or 4.4 m* (depending on the availability of seeds):
1 m width and 1 to 4.4 m length, with either 5 or 22 rows. Seeding
rate was adjusted for a density of 250 germinable seeds per m?. All
plots were covered by a forcing sail (P17) for 2 months to prevent
seedlings from being eaten by birds. The experiment was conducted
according to organic standards. No fertilization was applied, and a
single manual weeding was performed in mid-April 2022. Ears were
manually harvested from June 22 to July 19, 2022, in accordance
with the maturity of each variety.

Daily meteorological data (SAFRAN data from the INRAE
(Mauryetal., 2021) from 1992 to 2022 were obtained fora 2 x 2 km?
mesh including the CRBA. The medium average temperature in the
2021-2022 growing season (from November to July) was 12.0 °C,
and the total precipitation was 365 mm (Supplemental Material 2).
The season was particularly dry, especially from January to May
2022, with only 114 mm rain.

4.3. Agronomic evaluation

Variables related to weed competitiveness, resistance to lodging and
yield were measured (Table 3). Weed competitiveness was assessed
through ground cover by crops (itself linked with plant density,
plant posture and tillering) and earliness (measured by heading
completion and linked with plant height). Given the incidence of
lodging being minimal during the growing season, its evaluation
mostly relied on plant final height. As for yield determination, we
wanted to base it on yield components (emergence rate, number
of ears per plant, TKM). Yet, the experiment was damaged by a
hailstorm just before harvesting, preventing the determination of
number of kernels per ear and, consequently, final yields. Further,
we estimated two additional variables of interest for the stakehold-
ers: relative yield and total protein content (Table 3).
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4.4. Data analysis

All statistical analyses were performed with R (version 4.3.3). Orig-
inal data and R scripts are available in Supplemental Material 5.

First, a PCA was performed (package FactoMineR 2.6) on a
dataset with the mean values for all variables for each variety.
Values of qualitative variables were replaced by quantitative scores
to include them in the analysis. All values were scaled to unit
variance. The number of dimensions was chosen so that it explained
at least 90% of the total variation.

To statistically test the effect of species, the following ANOVA
model was run on all quantitative variables measured at the plot
level:

Yijk = Mt ai+ Bivi+tyk+eijk (1)

In this model, 1 was the intercept term, «; accounted for the
fixed effect of the ith species, 3;v; for the fixed effect of the jth
variety nested in the ith species, ~x for the fixed effect of the kth
bloc and ¢;x was the random residual. The distribution of the
residuals was checked for each variable by visual examination of the
Q-Qand the residuals versus fitted plots (Supplemental Material 5).
Adjusted means (estimated marginal means) were then calculated
for each species and pairwise comparisons were achieved using
Tukey’s HSD method with Bonferroni adjustment for p-values
(packages emmeans 1.8.2 and multcompView 0.1.8). For the vari-
ables measured at the plant level, the same model was used, but
the residual had an additional source of variability (individual
plants).

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/qpb.2025.10010.

Data availability statement. The datasets generated and analysed in the
present study are included in this published article (in Supplemental Material 5).
All R scripts used for analyses are also available in Supplemental Material 5.
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