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Abstract

The low usage of grain legumes in European cropping systems is often attributed to yield gaps due to limiting pedoclimatic
conditions, sub-optimal management practices, and farmers’ limited experience and knowledge in growing these crops. The
relative contributions of these factors to current grain legume yield gaps at European scale and, in particular, the difference
between yields achieved by experienced farmers and those achieved by novices remain unknown. We therefore explored
the relationship between yields and these different factors, to identify areas where farmers require more support to close the
yield gaps in grain legume production. To this purpose, we conducted a large-scale online farmer survey in nine European
countries with a focus on soybean and faba bean. For both crops, classification and regression tree analysis identified country
of production as the primary explanatory variable of yield variation and confirmed the hypothesis that greater experience
and knowledge is associated with higher yields. However, the effect of several factors differed between the crops, show-
ing the need for legume-specific strategies. Experience and knowledge were particularly important for soybean, although
also relevant for faba bean in low-yielding environments. Other important factors identified to determine yield for soybean
included farm specialization, agroclimatic zone, the number of years growing grain legumes and the size of farmland, while
for faba bean these important factors were pest management and perceived soil fertility. Farmers highlighted drought, weed
infestation, and soil characteristics as having critical impacts on yields for both crops, as well as inoculation and irrigation
for soybean. Both soybean and faba bean growers emphasized the need for more information on plant protection and cultivar
selection. The results indicate the potential to increase legume yields by supporting farmers in the first years of growing
grain legumes, especially for crops that have a shorter history in Europe such as soybean.
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1 Introduction

The current simplification of agricultural systems has led to
several detrimental environmental impacts such as reduc-
tions in water quality, soil degradation, and loss of habitat
and species diversity (Burchfield et al. 2019). Crop diversifi-
cation is proposed as a solution to reverse this, with legumes
being seen as an important element of this endeavor due
to their potential to increase productivity of crops in the
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rotations, lead to reduced use of fertilizers and pesticides,
increase the resilience of cropping systems and farm busi-
nesses, and contribute positively to protein self-sufficiency
and nutritional objectives (Stagnari et al. 2017). Neverthe-
less, and despite these high potentials, grain legumes are
underutilized in European cropping systems (Watson et al.
2017). This is often attributed to yield gaps (i.e., the dif-
ference between attainable yields under optimal conditions
and the yields achieved by farmers) and yield variability
in legume production (Rubiales and Mikic 2015; Cernay
et al. 2015; Reckling et al. 2018). These are in turn associ-
ated with diverse factors, such as pedoclimatic conditions
(Pandey et al. 1984; Aragjo et al. 2015; Scheelbeek et al.
2018), management practices (Muoni et al. 2022), biotic and
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abiotic stresses (Sinclair and Vadez 2012; Rubiales et al.
2015), limited advances in breeding (Siddique et al. 2012),
and farmers’ lack of experience and knowledge in growing
grain legumes (Graham and Vance 2003).

Previous research has shed some light on the impact
of these diverse factors on grain legume yields. As their
impact varies across different grain legumes, most studies
are crop-specific. For example, several studies have explored
the influence of biotic and abiotic stresses (Wrather and
Koenning 2006; Anthony et al. 2012), management choices
(Pedersen and Lauer 2004; De Bruin and Pedersen 2008),
cultivar selection (Egli 1993; Kahlon et al. 2011), or several
of these factors (Specht et al. 1999; Liu et al. 2008) on soy-
bean yields in specific environments. Similar factors have
been explored in the case of other crops such as faba beans,
for example in the studies by Lopez-Bellido et al. (2005)
or Alharbi and Adhikari (2020). Most of these studies have
employed field experiments or literature review approaches,
to explore the influence of a limited number of factors on
legume yields and to focus on specific combinations of
localities and crops.

Other studies have typically used crop simulation model-
ling, modified water balance calculations or estimations of
yields of adapted cultivars to explore the importance of envi-
ronmental factors, breeding, and management on reducing
yield gaps (Anderson et al. 2016). Such analyses are avail-
able for major cereals and soybean (Sentelhas et al. 2015;
Nendel et al. 2023), but little information is available for
faba bean and other grain legumes (Minguez and Rubiales
2021). A major recurring conclusion is that there is space to
improve yields and reduce yield gaps if farmers adopt exist-
ing technology (e.g., Bhatia et al. 2008; Battisti et al. 2018).
An important question remains in understanding what pre-
vents farmers from tapping into this existing technological
potential to secure greater grain legume yields.

A call for more knowledge exchange, advice and means
for appropriate interventions to improve farmers’ capacity to
grow grain legumes is well emphasized in the literature. Sev-
eral studies have highlighted the need for extension services
and technology transfer to support legume growers (Abtew
et al. 2016), and have noted that farmers lack support in
selecting legume species best adapted to their local environ-
mental conditions and determining their place in the rotation
(Magrini et al. 2018). Furthermore, the lock-in around the
major cereal crops leads to deficits in both the technologi-
cal innovation chain for legume cropping and the agri-food
chain for legume products (Voisin et al. 2014; Cholez and
Magrini 2023). It has been suggested that learning and peer-
networking are critical factors for farmers transitioning to
legume-supported farming systems (Mawois et al. 2019),
but few studies have explored the influence of farmers’
knowledge in growing grain legumes and their associated
knowledge requirements (e.g., Von Richthofen et al. 2006
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in selected European countries; Zimmer et al. 2015 in Lux-
embourg; Muoni et al. 2019 in East Africa). Nevertheless,
the consideration of socio-economic factors for yield gap
analysis is gaining attention in the literature (e.g., van Dijk
et al. 2017), which suggests that pedoclimatic factors and
management are more often taken into account to explain
the yield gap than farm or farmer characteristics and socio-
economic factors, although the latter, when considered, often
explain the yield gap (Beza et al. 2017).

Despite the rich body of literature exploring the factors
affecting grain legume yields on the one hand, and the need
to improve farmers’ know-how and understand the impact of
socio-economic factors on the other hand, the relative contri-
butions of these factors to current grain legume yield gaps at
European scale remains unknown. Many studies are limited
by their focus on individual location, crop or factors in isola-
tion. In particular, the difference between yields achieved by
experienced farmers and those achieved by novices has not
been explored, although its assessment would allow evalu-
ation of the potential contribution of knowledge in closing
the yield gaps and reducing yield variability in grain leg-
ume production. Indeed, with previous studies identifying a
lack of knowledge in cultivating grain legumes in individual
countries (Zimmer et al. 2015 in Luxembourg; Haarala and
Luttinen 2018 in Finland), gaining a better understanding of
the influence of this factor on yield gaps is critical.

Hence, we set out to investigate farmers'’knowledge and
attitudes to grain legumes, particularly soybean and faba
bean (Figure 1), in an online survey covering nine European
countries. We aimed to identify the importance of different
underlying drivers of yields in legume production consider-
ing pedoclimatic, structural, knowledge, and management
factors and to evaluate, for the first time, the influence of
farmers’ knowledge on yields. To do so, we used Classifica-
tion and Regression Tree (CART) analysis, an appropriate
technique to integrate data gathered on a wide range of vari-
ables that include attitudes as well as hard data.

2 Materials and methods
2.1 Survey design and implementation

An online farmer survey was conducted in nine European
countries that comprise areas with different history in cul-
tivating soybean and faba beans and represent varied agro-
climatic zones across Europe: Finland, France, Germany,
Latvia, the Netherlands, Poland, Spain, Sweden and the
UK. The survey was run between February 2020 and May
2021 within the frame of the ERA-NET SusCrop project
‘LegumeGap’ (https://legumegap.zalf.de/). Participants
were reached by consortium members through social media
and mobilization of their networks with a focus on legume
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Figure 1 Soybean (left) and faba bean (right) cultivation. © Moritz Reckling, ZALF.

growers. The survey was developed in English and its final
version was translated by the consortium members into
the official languages of the survey countries. The survey
included questions about farm characteristics and land use,
demographics, the farmer’s previous experience with legume
growing, and two dedicated sections on soybean and faba
bean with questions on yields, management, and perceptions
on yield-impacting factors (see Table 1 and Table S1 for an
overview of the survey questions).

2.2 Overview of data and statistical analysis

The data were summarized using descriptive statistics and
subjected to CART analysis. The use of descriptive statis-
tics about the main characteristics of the farm sample and
yields illustrated the factors that farmers consider important
in determining their yields and obtaining more support in
growing the crop. The CART analysis allowed determination
of the factors leading to yield variation in the survey sample.

Both numeric and categorical data were used for the
analysis, reflecting a range of pedoclimatic, structural,
knowledge, and management factors (Table 1). The data
was managed in Stata and stored in Excel sheets. The data
analysis and visualization were conducted using the statisti-
cal software R (version 4.2.2).

The different responses were attributed to agroclimatic
zones according to NUTS II regions following a classifica-
tion by Metzger et al. (2005) and discussion with experts
as follows:

Atlantic: Netherlands, UK, Northwestern France (Nor-
mandie, Bretagne, Centre-Val de Loire, ile-de—France,
Hauts-de-France, Pays-de-la-Loire, Nouvelle Aquitaine);
characterized by year-round rainfall and mild tempera-
tures. Autumn-sown and spring-sown versions of cool-

climate crops produce very high yields, often of world-
record values. Warm-climate crops seldom get enough
heat units to achieve their potential.

Boreal-Nemoral: Finland, Latvia, Sweden; limited by
a short growing season, during which occasional cool
nights limit the potential of warm-climate crops. Cool-
climate crops are grown and breeding programs give
high priority to earliness of maturity so the crops can be
harvested.

Continental: Germany, Poland, Central France (Grand
Est, Auvergne-Rhone-Alpes, Bourgogne-Franche-
Comté); has warmer summers and colder winters than the
Atlantic region. Depending on the regional climate and
length of growing season, both warm-climate and cool-
climate crops are sown in spring and harvested in autumn.
Mediterranean: Spain, Southern France (Corse, Occit-
anie, Provence-Alpes-Cote d’Azur); characterized by
winter rainfall and summer drought. Cool-climate crops
such as wheat and faba bean are sown in the autumn and
harvested in the spring, and warm-climate crops such as
maize and soybean are grown with irrigation.

Due to its climatic diversity, France was treated as three
separate segments in the analysis. All other countries were
represented by one segment per country.

For soybean, very few records were observed for some
countries. In order to protect the anonymity of respondents,
records for these countries were merged with other segments
with similar yields. Specifically, four records from Spain
were merged with those of Southern France, three records
from the UK were merged with those of Northwestern
France, and the records from the Boreal-Nemoral countries
(two records from Finland, two from Latvia and six from
Sweden) were clustered together.

CART (Breiman and Thaka 1984), a nonparamet-
ric method, was used to explain the association between
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Reduced anti-nutritional factors
Competition with weeds

Frost resistance

Greater yield stability

Other

the yields of soybean and faba bean and the pedoclimatic,
structural, management and knowledge variables marked
with asterisks in Table 1. CART uses a binary recursive par-
titioning technique to split the dataset into groups based on
the values of explanatory variables. The analysis was con-
ducted in R using the rpart package (Therneau and Atkinson
2025). Briefly, this method explores the interactions in the
numerical and categorical variables to cluster the yields to
define homogenous groups. The optimal model minimised
the complexity parameter and was identified by tuning the
number of data points required to make a split and the maxi-
mum number of terminal nodes.

Variables with an asterisk were included in the CART
analysis. The survey questions corresponding to these vari-
ables can be seen ordered as in the survey in Table S1.

3 Results and discussion
3.1 Description of the farm sample

In total, 216 responses were collected for soybean and 547
for faba bean from farms across nine EU countries (Fig-
ure 2). Almost half of the respondents on soybean were from
France (46%), with large shares also from Germany (27%)
and Poland (13%). In terms of agroclimatic zones, 57% of
responses on soybean came from the Continental zone, 26%
from the Mediterranean, 12% from the Atlantic and 5% from
the Boreal-Nemoral. For faba bean, most responses came
from Sweden (39%), followed by France (21%) and Germany
(10%). More than half of the responses on faba bean were
collected from the Boreal-Nemoral zone (53%), followed by
the Atlantic (20%), the Continental (18%) and the Mediter-
ranean zones (8%).

The vast majority of farms specialized in arable crops
(70% of soybean and 59% of faba bean farms) (Table S2).
Mean arable land was 194 ha for soybean farms and 263
ha for faba bean farms (Table S3). The mean percentage of
arable land over total farmed land was around 90% for both
soybean and faba bean farms. Just above 60% of farms were
strictly conventional and about a quarter of them strictly
organic or in conversion to organic, with the rest of them
having areas of both (Table S2). On over half of the farms,
soil fertility was perceived as average or respondents were
unsure, while a large proportion of farmers perceived soils
on their farms as fertile (38% soy, 41% faba).

The mean age of farmers growing soybean was 46 years
compared with 48 years for faba bean (Table S3). Most
farmers had either graduated from a vocational or technical
school (39% soy, 33% faba) or had a university degree (26%
soy, 33% faba) (Table S2). Most of the surveyed farmers
were male (68% soy, 75% faba).
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(a)

C France

S France, Spain

Germany NW France, UK

Netherlands

Bor-Nem

Poland

Figure 2 Responses per country segment for soybean (left) and faba
bean (right). Country segments in green are attributed to the Conti-
nental zone, those in red/orange to the Mediterranean, in blue to the

Regarding the knowledge variables, the mean number of
years of farming was 21 and 24 years for soybean and faba
bean farmers, respectively (Table S3). The mean number of
years of growing grain legumes was 13 years for soybean
farmers and 15 years for faba bean farmers, while the mean
number of years growing the specific crop was eight years
for soybean and nine years for faba bean farmers. Most farm-
ers grew grain legumes every year (82% soy, 74% faba) and
devoted less than 25% of their arable land to grain legumes
(82% soy, 88% faba) (Table S2). More than half of the farm-
ers perceived their knowledge of growing grain legumes as
good (66% soy, 55% faba) and less than 10% as limited,
with the remainder of the sample answering that their knowl-
edge was average or being unsure. The principal channel for
acquiring knowledge on growing grain legumes was fellow
farmers (76% soy, 81% faba), followed by advisory services
(54% soy, 60% faba).

3.2 Observed yield levels

The highest mean soybean yields were observed in the Medi-
terranean zone (Southern France and Spain, 3.0 t ha™") (Fig-
ure 3, Table S4). Mean yields for the Continental and Atlantic
zones were 2.7 and 2.4 t ha™!, respectively. For the group
of countries within these two zones, yields were higher in
Germany, the Netherlands, and Poland, followed by Central
and Northwestern France and the UK. The lowest yields were
observed in the Boreal-Nemoral zone (0.9 t ha™").

The highest faba bean yields were observed in the Atlan-
tic zone (3.7 t ha™!), followed by the Boreal-Nemoral (3.4
t ha™!) and the Continental zones (3.2 t ha™!). Important

(b)

S France
Spain

C France

Germany UK

Poland NW France

Finland

Netherlands

Latvia

Sweden

Atlantic, and in purple to the Boreal-Nemoral zones. S France: South-
ern France, NW France: Northwestern France, C France: Central
France, Bor-Nem: Boreal-Nemoral zone.

differences were observed for the countries within these
zones, with the highest yields in the Netherlands, followed
by the UK (Figure 3, Table S5). Yields were high also in
Germany, Sweden, Poland, and Latvia, while lower yields
were observed in Northwestern France, Finland and Central
France. The lowest yields (2.3 t ha™") were observed in the
Mediterranean zone (Spain, Southern France).

3.3 Legume growers’ management practices

For both crops, chemical weed control was used more than
mechanical weed control, except in the Boreal-Nemoral zone
(Table 2, Table 3), where soybean yields are low and the
organic product commands a sufficiently premium price to
make the crop at least potentially profitable. In the other
three zones, 75%—80% of soybean growers managed weeds
mostly chemically, as opposed to 40% of farmers in the
Boreal-Nemoral zone. Mechanical weed control was prac-
ticed by 23-40% of soybean farmers, depending on region
and intensity of practice, showing that some used it in com-
bination with herbicides in an integrated weed management
approach. Similarly to soybean growers, the largest shares
of faba bean growers in the Atlantic, Continental, and Medi-
terranean zones practiced chemical weed control frequently
(56-68% depending on the region), with about a quarter of
them answering that they never practice it. The respective
shares in the Boreal-Nemoral zone were 35% (frequently)
and 45% (never) of farmers. Mechanical weed management
was mostly used in the Boreal-Nemoral zone (40% of farm-
ers frequently practice it) while in the other three regions
about half or even more than farmers never use it. These
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Figure 3 Soybean (a) and faba bean (b) yields by country segments
based on the data collected via the survey. The asterisks display mean
crop yields calculated using the five-year mean (2017-2021), reported

shares differed between conventional and organic farmers.
For example, 97% or conventional soybean farmers prac-
ticed chemical weed management frequently, while 84% of
organic or in conversion soybean farmers practiced mechani-
cal weed management.

Disease control was seldom seen as necessary in soybean
but was widespread in faba bean (Table 2, Table 3), on which
a range of diseases is endemic (Stoddard et al. 2010). Pest
management intervention showed little difference between
crops or regions, except a slightly higher share of farmers
never undertaking such management in the Boreal-Nemoral
zone. That share was 75% for soya bean and 56% for faba
bean, while in the other regions it ranged between 38%—55%
and 29%—-39%, respectively. Farmers using it “infrequently”
or “usually” ranged between 14%—38% depending on crop
and region.

Irrigation was extensively used for soybean in the Medi-
terranean zone, with 75% of soybean growers irrigating their
fields very frequently (Table 2). In contrast, more than 75%

& springer INRAQ)

by Eurostat (2024). Bor-Nem: Boreal-Nemoral zone, NW Fr: North-
western France, C Fr: Central France, S Fr: Southern France.

of respondents never irrigated their soybean fields in the
Continental and Boreal-Nemoral zones, while results var-
ied in the Atlantic zone. As a summer crop, soybean may
be exposed to drought wherever it is grown, and irrigation
can increase yield (Karges et al. 2022). Regardless of the
zone, less than 5% of faba bean growers irrigated their fields
frequently (Table 3). As an autumn-sown crop in the Medi-
terranean and Atlantic zones, it is more likely to escape late
spring or summer droughts than spring-sown crops. When
spring-sown, however, it is as exposed to droughts as soy-
bean is, and its yields suffer accordingly (Belachew et al.
2023).

Inoculation was very frequently used on soybeans in the
Continental zone (96%), followed by the Mediterranean
(90%), the Atlantic (87%) and the Boreal-Nemoral zones
(83%) (Table 2). This practice was seen as less relevant
for faba beans, where more than 85% of farmers never
inoculate their crops (Table 3). Nevertheless, in on-station
experiments in many countries, inoculation of faba bean is
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Table 2 Percentaggs Of Category Frequency Boreal- Atlantic Continental Mediterranean
frequencies of application of Nemoral
management practices used on
soybean in four agroclimatic Irrigation Never 100 40.9 74.2 13.8
zggre;sTSfe Eﬁgcrzn(zzgrzzponses Infrequently 0 273 7.2 17
for three different frequency Usually 0 31.8 18.6 74.5
levels (never, infrequently, Disease management Never 60 31.8 70.6 60.0
usually) over the total number Infrequently 0 455 17.6 20.0
zitre f:})’fy“:zeéirs‘;zzzgemem Usually 40 227 118 20.0
management, double cropping, Weed chemical management Never 60 13.6 22.4 20.0
etc.). Infrequently 0 9.1 2.8 0
Usually 40 71.3 74.8 80.0
Weed mechanical management Never 20 40.9 40.0 333
Infrequently 40 22.7 25.7 333
Usually 40 36.4 343 333
Pest management Never 75 54.5 41.0 38.0
Infrequently 0 31.8 343 36.0
Usually 25 13.6 24.8 26.0
Inoculation Never 0 8.7 3.8 3.9
Infrequently 16.7 4.3 0 59
Usually 83.3 87 96.2 90.2
Double cropping Never 75 61.9 65.4 62.0
Infrequently 0 23.8 16.3 22.0
Usually 25 143 18.3 16.0
Intercropping Never 75 85.7 84.0 89.6
Infrequently 25 14.3 16.0 6.2
Usually 0 0 0 4.2

associated with 10-30% increases in yield, depending on the
time since the previous legume crop (Belachew et al. 2023).

The percentages express the share of responses for three
different frequency levels (never, infrequently, usually) over
the total number of responses per management category
(e.g., disease management, double cropping, etc.).

The percentages express the share of responses for three
different frequency levels (never, infrequently, usually) over
the total number of responses per management category
(e.g., disease management, double cropping, etc.).

3.4 Important factors for grain legume yield
and required support according to farmers

For both crops, over 80% of farmers identified droughts as
the most important yield-reducing risk factor. This was fol-
lowed by weeds and problems with soil structure and degra-
dation processes (e.g., compaction, salinity, acidity, water-
logging) (Figure 4). The availability of suitable cultivars and
experience in growing the crop were considered either very
important or important by more than half of the respondents.
Temperature limitations were considered important for soy-
bean, but less so for faba bean, whereas additional factors of

importance for faba beans included soil texture, along with
pests and diseases.

Optimal sowing (date, depth, rate) was the most impor-
tant management factor indicated by the farmers for both
crops (Figure 5). Inoculation with rhizobium came a close
second for soybean. Other important factors for soybean
include cultivar selection, control of biotic stresses, and irri-
gation. For faba bean, control of biotic stresses was second,
followed by cultivar choice and rotational interval.

Appropriate cultivar choice was clearly important for
both crops (Figure S1). Soybean is characterized into
maturity groups, and farmers may need to test a few to find
the one that best suits their environment and management
(Simon-Miquel et al. 2024). According to the analysis
of survey results, farmers used a large range of soybean
varieties from different maturity groups. Late maturity
groups of I-II were mostly used in the Mediterranean
regions, early groups of mostly 000 in the northern regions
and maturity groups of 00 across central Europe. For
faba bean, the variation in varieties was much less than
in soybean. Faba bean cultivars are highest yielding in the
pedoclimatic region for which they were developed and
usually perform poorly in other regions (Flores et al. 2013).
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Table 3 Percentages of
frequencies of application

of management practices to
cultivate faba bean in four
agroclimatic zones. The
percentages express the share
of responses for three different
frequency levels (never,
infrequently, usually) over the
total number of responses per
management category (e.g.,
disease management, double
cropping, etc.).

Figure 4 Importance of factors
determining soybean (a) and
faba bean (b) yields accord-
ing to growers. Temperature:
Temperature limitations, Soil
texture: Soil texture (e.g. too
sandy), Soil structure: Soil
structure or deficiencies (e.g.
compaction, salinity, acid-
ity, waterlogging), Weeds:
Occurrence of weeds, Pests:
Occurrence of pests, Disease:
Occurrence of diseases, Cul-
tivar: Suitability of available
cultivars, Experience: Experi-
ence in growing the crop.

Category Frequency Boreal- Atlantic Continental Mediterranean
Nemoral

Irrigation Never 91.0 83.0 89.9 92.3

Infrequently 5.2 13.6 6.3 2.6

Usually 39 34 3.8 5.1

Disease management Never 58.5 21.8 333 17.9

Infrequently 27.8 16.1 26.2 35.9

Usually 13.7 62.1 40.5 46.2

Weed chemical management Never 45.0 25.3 27.4 23.1

Infrequently 19.8 6.9 6.0 20.5

Usually 35.1 67.8 66.7 56.4

Weed mechanical management Never 27.3 523 48.7 60.0

Infrequently 325 25.6 20.5 27.5

Usually 40.2 22.1 30.8 12.5

Pest management Never 55.6 379 28.6 38.5

Infrequently 30.1 34.5 333 35.9

Usually 142 27.6 38.1 25.6

Inoculation Never 91.4 84.9 86.9 94.9

Infrequently 6.5 10.5 4.8 0.0

Usually 22 4.7 8.3 5.1

Double cropping Never 83.7 86.6 93.4 76.9

Infrequently 6.9 9.8 3.9 10.3

Usually 9.4 3.7 2.6 12.8

Intercropping Never 794 61.6 63.0 50.0

Infrequently 16.3 20.9 24.7 217.5

Usually 43 174 12.3 22.5

(a) (b)
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Temperature
Soil Texture 1

Soil Structure 1
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Respondents identified several aspects where cultivar
improvement is needed. Drought resistance, improved yield
and yield stability, and competitive ability against weeds
were the most prominent aspects for both crops (Figure 6).
In addition, improvements related to disease resistance and

& springer INRAR)

evenness of maturity were raised as relevant in the case of
faba bean.

When respondents were asked for which aspects they would
like to have more information about growing grain legumes,
they mostly emphasized the need to know more regarding plant
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Figure 5 Importance of man-
agement factors determining
soybean (a) and faba bean (b)
yields according to growers.
The stacked bars indicate the
number of responses per man-
agement factor, decomposed
into the responses from each of
the four agroclimatic zones. The
management factors considered
are the following: Cultivar:
Cultivar choice, Inoculation:
Rhizobium inoculation, Yrs:
Years between successive
soybean/faba bean crops, Sow-
ing: Sowing date, depth and
rate, Crop prot: Management of
pests, diseases and weeds, Inter/
double: Cropping mode (inter-
cropping, double cropping).

Figure 6 Factors where cultivar
improvement is needed per
country segment for soybean
(a) and faba bean (b). Drought:
Drought resistance, Frost:

Frost resistance, Yield: Higher
yields, Stability: Greater yield
stability, Protein: Higher protein
concentration, Maturity: Even-
ness of maturity, Anti Nut:
Reduced anti-nutritional factors,
Lodging: Lodging resistance,

N Fix: Biological nitrogen
fixation, Weeds: Competition
with weeds, Disease: Disease
resistance.

Cultivar 1

Inoculation 1

Yrs
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Crop prot 1

Inter / double 1

Irrigation 1
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Figure 7 Decision tree on
variables related to soybean
yields. The variables for which
the branches split are indicated
on the left side of the split. The
abbreviated variables are Ctry:
Country; Yrs Crop: Years of
experience growing the crop;
Yrs Leg: Years of experience
growing grain legumes; Ar
Land: Area of arable land; Soil:
Perceived soil fertility; Mech
Weed: Frequency of mechani-
cal weed management; Or:
Production orientation. The
countries and zones abbrevia-

. 2
21%

Yrs Crop <4

15
- 5%

Zone = Bor-Nem
Con,Atl

. f 1.8 2.1
tions are C FR: Central France; 12%

:Soil = Ave,Inf Yrs Crop < 14
>=14 : <6

Bor-Nem: Boreal-Nemoral;
NW FR: Northwestern France;
UK: United Kingdom; DE: Ger- : Fer
many; PL: Poland; NL: Nether- ;
lands; S FR: Southern France;
SP: Spain; Con: Continental;
Atl: Atlantic. Other abbrevia-
tions include Ave: Average; Inf:
Infertile; Fer: Fertile; Org:
Organic; Con: Conventional;
Infreq: Infrequently.

growth and physiology, cultivar selection, plant protection and
pre-crop effects (Figure S2). Aspects such as information
about market outlets and environmental effects were also
highlighted.

3.5 Determinants of yield variation according
to CART analysis

The CART analysis for the soybean yields displayed fifteen
terminal nodes and fourteen splitting nodes (Figure 7). The
overall mean yield was 2.6 t ha™!, while in the fifteen termi-
nal nodes it ranged from 0.5 t ha™' to 3.4 t ha™!. The three
principal factors determining this variation were the country
where the crop was grown, the number of years growing
soybean, and farm specialization. These factors were fol-
lowed by the agroclimatic zone, the number of years grow-
ing grain legumes and the area of arable land. Soil fertility,
weed management and organic versus conventional produc-
tion were also found to play a role. First, countries were
partitioned into those with a mean yield of 2.0 t ha™' (Cen-
tral and Northwest France, countries in the Boreal-Nemoral

& springer INRAQ)
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zone, UK) and those with a higher yield of 2.9 t ha™! (Spain,
Southern France, Germany, Poland, Netherlands).

In the low-yielding countries, short experience with soy-
bean (< 4 years) was associated with 1.0 t ha™! lower yield.
Less-experienced farmers in the Boreal-Nemoral region had
the lowest yields, while those in the UK, Northwestern and
Central France achieved over three times as much. In the
latter areas, above-average soil fertility was associated with
one-third higher yield. Longer experience with soybean in
the low-yielding countries, combined with medium-term
experience with other grain legumes (< 13 years), achieved
50% higher yields than combined with longer experience
with other grain legumes. Of those with long experience
with grain legumes, more than 14 years of experience with
soy led to about 50% higher yield than less soy experience.
These results indicate that familiarity with other grain leg-
umes was not beneficial to those starting to grow soybean in
these marginal regions.

In the high-yielding countries, mixed-cropping farms
were associated with about 25% lower yields than special-
ist arable and other farms. For the latter group of farms,
those with more than 165 ha of arable land were associated
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with almost 15% lower yields than smaller ones. In these
larger farms, yields were almost 25% lower for farmers that
had been growing grain legumes for longer (> 6 years).
For this group of farmers, those with longer experience
with soybean (> 5 years) attained almost 1.0 t ha™! higher
yields. Thus, experience with other grain legumes was not
necessarily helpful for soybean growers, while more years
of experience specifically with soybean was helpful. The
yields of this last group were about one third higher for
conventional farms compared to organic (fully organic, in
conversion, or both organic and conventional). For farms
smaller than 165 ha, yields were about 10% lower in Poland
than in other high-yielding countries. In these other high-
yielding countries, yields were lower by about 10% when
farmers frequently applied mechanical weed management,
and in this group, yields were lower by almost 20% for
farms with more than 45 ha of arable land. Thus, large
farms were associated with lower yields.

The CART analysis for the faba bean yields displayed ten
terminal nodes and nine splitting nodes (Figure 8). Mean
faba bean yields were 3.3 t ha™!, while in the ten terminal

nodes they ranged from 2.4 t ha~! to 4.5 t ha™!. Country,
followed by pest management practice and perceived soil
fertility were the principal determinant factors of yield vari-
ability. Other important factors were the size of arable land
versus grassland, disease and weed management, the num-
ber of years growing faba beans, and farmers’ age. Yields
were lower in Finland, France and Spain (mean 2.5 ha™})
than in Latvia, Sweden, the UK, Germany, the Netherlands
and Poland (mean 3.7 t ha™").

In the low-yielding countries, farmers who regularly
controlled pests achieved 25% higher yield than those who
did not. Much of this yield benefit was associated with
having at least 5% of their land as grassland instead of
running a 100% arable farm, as the latter had 1.6 t ha™!
lower yields than the former.

In the high-yielding countries, farms with soil fertility
perceived to be above average achieved almost 25% higher
yields. For farms with lower soil fertility, frequent disease
management allowed over 25% higher mean yields compared
to cases with infrequent disease management. When disease
management was infrequent, farmers with more than 4.5

............ 37
67%
Pest = Néver,lnfreq : Soil = Ave,lnf
: Usually Fer
......................... 34 | A2
39% 29%

Rel Ar >=95 :
: <95

3.2
¢ (80%
Yrs Crdp <45 _
: >=4.5

24 25 4.1 2.8 3.4
27% 4% 2% 10% 21%

Figure 8 Decision tree on variables related to faba bean yields. The
variables for which the branches split are indicated on the left side
of the split. The abbreviated variables are Ctry: Country; Pest: Fre-
quency of pest management; Soil: Perceived soil fertility; Rel Ar:
Arable Land/Total Land; Disease: Frequency of disease manage-
ment; Chem Weed: Frequency of chemical weed management; Yrs

Disease = Never,Infreq

Chem Weed = Never :
5 Infreq,Usually

44
20%

Ctry =PL :
{  DE,LV,SE,NL,UK

Usda"y

>= 41

3.2 43 3.7 3.2 4.5
2% 7% 9% 1% 19%

Crop: Years of experience growing the crop; Age: Age of the farmer.
The countries and zones abbreviations are C FR: Central France; FI:
Finland; NW FR: Northwestern France; SP: Spain; S FR: Southern
France; DE: Germany; PL: Poland; LV: Latvia; SE: Sweden; NL:
Netherlands; UK: United Kingdom. Other abbreviations include
Infreq: Infrequently; Ave: Average; Inf: Infertile; Fer: Fertile.

INRAQ/ & spinse



71 Page 14 of 18

|. Mouratiadou et al.

years of experience in growing the crop achieved about 20%
higher yield than those with fewer years of experience. When
disease management was frequent, older farmers (> 41 years
old) achieved 1.1 t ha™! higher yields than younger ones. For
farms with higher soil fertility, mean yields were about 15%
lower when farmers never controlled weeds chemically. For
those that used herbicides, yields were lower by 1.3 t ha™! in
Poland than in the rest of the high-yielding countries.

3.6 Summary and discussion of key findings
per factor

3.6.1 Pedoclimatic factors

Pedoclimatic factors are clearly of predominant importance
for the yields of both crops. The country and agroclimatic
zone where the crop was grown were identified as key driv-
ers from both the yield survey data and the CART analysis.
Conditions for soybean were most favorable in the Medi-
terranean and part of the Continental zones, while those
for faba bean were in parts of the Atlantic and Continental
zones.

For both crops, drought was identified as the most impor-
tant yield-impacting risk factor, and drought resistance as
one of the main areas where cultivar improvements are
needed. As the timing of the survey (2020-2021) followed
on two major widespread drought periods (2018, 2019),
the risks of droughts and the urgency of drought manage-
ment might have been fresh in farmers’ minds (Blauhut
et al. 2022). Temperature limitations were considered an
important factor for growth of soybean as a summer crop,
but less so for faba bean with its tolerance to cool tempera-
tures. The effects of climate change are reflected in more
frequent, more intense and longer periods of drought (e.g.,
2022), which could have a major impact on soybean produc-
tivity in the areas that were initially the most productive ones
(i.e., the Mediterranean and part of the Continental zones)
and further increase dependence on irrigation. At the same
time, areas that are currently identified as low to moderately
productive could become more favourable (Guilpart et al.
2022).

Soil structure or deficiencies featured in the top three
factors affecting the yields of both crops according to farm-
ers. Soil texture was also evaluated as important by faba
bean growers. This was echoed in the CART analysis, where
lower perceived soil fertility resulted in more than half a ton
lower yields for both crops.

3.6.2 Management factors
Several management factors emerged as important in the

analysis of the survey. For both crops, farmers identified
weeds as the second most important yield-impacting factor
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(Figure 4). They also expressed the need to obtain more
information and knowledge on plant protection options (Fig-
ure 6). Weed management emerged as an important factor
also in the CART analysis for both crops, and particularly
for faba bean. Indeed, the main form of biotic stress manage-
ment for both crops was chemical weed control, except in the
Boreal-Nemoral zone, where weeds were managed more fre-
quently mechanically due to a higher share of organic farms
in the sample. Overall, the importance of biotic stresses as
a yield-impacting factor is more pronounced in the case of
faba bean than in soybean. Disease and pest management
were identified as important management factors by farmers
and the CART analysis for faba bean, but not for soybean. In
particular, disease control was seldom seen as necessary in
soybean, but was widespread in faba bean. This is supported
by the literature, as many pathogens are endemic in Europe
where faba bean has been grown for more than two thousand
years (Stoddard et al. 2010).

According to the growers, appropriate cultivar choice and
correct sowing dates are of apparent importance (Figure 5),
as phenology must match the growing season. For both
crops, the availability of suitable cultivars was considered
either very important or important for their yields by more
than half of the respondents, and it was included in the top
three most important management factors identified by the
farmers. Cultivar selection was also an area in which farmers
explicitly expressed the need to acquire more knowledge.

Irrigation was identified by farmers as an important man-
agement factor to deal with drought for soybean, which is
grown in drier and warmer environments than faba bean.
Although farmers identified drought as one of the most
important yield-limiting factors, irrigation was used system-
atically by soy farmers in the Mediterranean zone but by few
farmers elsewhere. Only a handful of faba bean farmers used
irrigation anywhere in the study area. Thus, many farmers
who recognize the importance of drought in limiting crop
yield have few options to alleviate its impacts outside the
Mediterranean zone.

Inoculation was recognized as one of the most important
management yield-impacting factors for soybean but less so
for faba bean (Figure 5). That was echoed in the observa-
tion that almost all soybean growers inoculated their seeds,
whereas few faba bean farmers did so. It is well known that
symbiotic fixation takes place thanks to different bacteria,
for soybean by Bradyrhizobium species that are not found
naturally in European soils (Albareda et al. 2009). Inocula-
tion is therefore necessary and, even if for most European
soils, the bacteria could survive several years after introduc-
tion (Revellin et al. 1996), the improvements in yield and
biomass observed by frequent and systematic inoculations of
soybeans have led agricultural advisors to strongly encour-
age this practice, explaining why most farmers mentioned it
as very important in our survey.
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Soybean yields in organic farms were lower for a subset
of the sample in the CART analysis. In the literature, yield
gaps are observed for legumes grown organically, but these
are smaller than in other crop categories e.g. 8% for soybean
and 9% for other pulses such as faba bean (de Ponti et al.
2012). This is probably due to the lower reliance of legumes
on external inputs and the narrower range of available agro-
chemicals for legumes compared to cereals. Some studies
also report higher yields under organic conditions (Wilbois
and Schmidt 2019). Other reasons for lower soybean yield,
especially in organic farming, could be linked to weed man-
agement, which is carried out mechanically only, leading to
lower levels of regulation than those obtained by chemical
control with herbicides. Hence, competition of weeds for
water and light resources remains impactful.

3.6.3 Knowledge factors

Experience and knowledge in growing the crops were con-
sidered either very important or important by more than half
of the respondents for both crops and emerged as critical
determinant factors in the CART analysis. The importance
of knowledge and experience for growing soybean was con-
sidered greater than that for faba bean in our results, as soy-
bean is a more recent introduction to Europe especially in
central and northern parts (Karges et al. 2022).

The importance of knowledge variables seemed evident,
especially under less favorable conditions in our study where
experience can play a critical role in managing the crop.
For soybean, the number of years of experience of growing
the crop emerged as the most important factor for the low-
yielding countries and, in some cases, one of the important
factors for the high-yielding ones. In these cases, farmers
with more than 4-5 years of experience achieved 50%—70%
higher yields than those with fewer years of experience. For
faba bean, the same variable was important in cases with
limited soil fertility and disease management and control,
with 4-5 years of experience appearing as the threshold for
achieving yields that are higher by 20%.

Our findings on the role of experience highlight the need
for knowledge transfer, as is emphasized in other studies
(Specht et al. 1999), particularly in the case of resource-
poor farmers (Graham and Vance 2003; Siddique et al. 2012;
Anderson et al. 2016). Development of research programs
together with rapid adoption of technologies emerging from
agricultural research by producers has been shown to be
useful in boosting legume yields (Liu et al. 2008). There
are also indications that farmers are increasingly skeptical
about expert advice from research programs, suggesting that
a proper linkage with the network of farmers is essential
(Rust et al. 2022).

Unexpectedly, the number of years of growing other
grain legumes appeared to affect negatively soybean yields
in our results, indicating differences in crop growth require-
ments for this grain legume compared to others. The CART
analysis revealed other important characteristics about farm
structure. For soybean, in the high yielding countries, mixed
cropping farms and larger farms were associated with lower
yields. This may indicate that soybean is a technical cul-
ture, where lack of experience, dedication and specialisation
of the production system plays a negative role. In the case
of faba bean, the age of farmers was important, with older
farmers achieving higher yields for a subset of the sample.

4 Conclusions

This study aimed to identify the importance of different
underlying drivers of yields in legume production consider-
ing pedoclimatic, structural, knowledge, and management
factors and to evaluate, for the first time, the influence of
farmers’ knowledge on yields. By surveying farmers on a
transect of European agroclimatic environments, and com-
bining simple descriptive statistics with deeper CART to
analyze the results, we have shown that some yield limita-
tions apply across climates and crops, whereas others are
more specific or depend on the farmer’s management. The
descriptive statistics revealed factors that were considered
important by farmers, while the CART analysis identified
factors that explained variability within the farm sample.

Pedoclimatic factors are the main determinants of crop
yields, with conditions for soybean being most favorable in
the Mediterranean (with irrigation) and Continental zones,
and those for faba bean in the Atlantic and Continental
zones. Soil fertility aspects have a large impact on yields
of both crops. Weed management was the most important
biotic stress control for both crops, because grain legumes
are poorer competitors than cereals, with chemical weed
control being widely used in most zones. Overall, biotic
stresses limited yields of faba bean far more than those of
soybean, as many of its pests and pathogens are endemic in
Europe where the crop has been grown for more than two
thousand years. Cultivar selection was an area for which
farmers explicitly expressed the need to have more support
and also saw a need for cultivar improvement. Water man-
agement is important for both crops, with irrigation being
used for soybean in the Mediterranean region, but not for
either crop elsewhere in Europe where it would be equally
valuable. As we hypothesized, experience and knowledge
in growing the crop were shown to be important, especially
for soybean, which is more novel in Europe than faba bean,
as well as under unfavorable conditions, where experience
plays a critical role in crop management.
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These results highlight that the development of leg-
umes in Europe will involve (i) strengthening advice on
varietal choice, while climate change affects, negatively
and positively, current production areas; (ii) developing
tools at system or crop rotation scales to better manage the
biotic pressures clearly noted by farmers and to rational-
ize the insertion of legumes within the cropping systems;
and (iii) rethinking the strategies for allocating irrigation
water resources between crops to support legume produc-
tion and protein autonomy in Europe, especially in regions
with high potential but severe water constraints. Improving
the knowledge of farmers in growing grain legume crops
in the first years of their cultivation can act as a lever to
close yield gaps and increase the confidence and motiva-
tion of farmers for further integration of these crops in
European agricultural systems.
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