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Abstract World population is projected to reach over nine
billion by the year 2050, and ensuring food security while
mitigating environmental impacts represents a major agricul-
tural challenge. Thus, higher productivity must be reached
through sustainable production by taking into account climate
change, resources rarefaction like phosphorus and water, and
losses of fertile lands. Enhancing crop diversity is increasingly
recognized as a crucial lever for sustainable agro-ecological
development. Growing legumes, a major biological nitrogen
source, is also a powerful option to reduce synthetic nitrogen
fertilizers use and associated fossil energy consumption. Or-
ganic farming, which does not allow the use of chemical, is
also regarded as one prototype to enhance the sustainability of
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modern agriculture while decreasing environmental impacts.
Here, we review the potential advantages of eco-functional
intensification in organic farming by intercropping cereal and
grain legume species sown and harvested together. Our review
is based on a literature analysis reinforced with integration of
an original dataset of 58 field experiments conducted since
2001 in contrasted pedo-climatic European conditions in order
to generalize the findings and draw up common guidelines.
The major points are that intercropping lead to: (i) higher and
more stable grain yield than the mean sole crops (0.33 versus
0.27 kg m™?), (ii) higher cereal protein concentration than in
sole crop (11.1 versus 9.8 %), (iii) higher and more stable
gross margin than the mean sole crops (702 versus 577€ha ")
and (iv) improved use of abiotic resources according to spe-
cies complementarities for light interception and use of both
soil mineral nitrogen and atmospheric N,. Intercropping is
particularly suited for low-nitrogen availability systems but
further mechanistic understanding is required to propose ge-
neric crop management procedures. Also, development of this
practice must be achieved with the collaboration of value
chain actors such as breeders to select cultivars suited to
intercropping.

Keywords Environmental resource use - Eco-functional
intensification - Cereal-grain legume intercrop - Protein
concentration - Weed - Yield
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1 Introduction

World population is projected to reach over nine billion by the
year 2050 which represents a major challenge to global agri-
culture (FAO 2010), especially considering sustainability is-
sues in order to ensure the availability of resources for the next
generations in a context of climate change. Achieving greater
plant diversity within agricultural systems is increasingly rec-
ognized as an important pillar of sustainable development
(IAASTD 2009; Davies et al. 2009). About 7000 species have
been used to a significant extent by humans over the world
(Walter and Lebot 2003) while only 82 crop species provide
90 % of the energy consumed by humans (Prescott-Allen and
Prescott-Allen 1990). Nevertheless, restoring a high crop-
specific and genetic diversity will be difficult to achieve over
the next 40 years (Pardey and Pingali 2010) because most of
these traditional crops and varieties are unattractive in com-
parison to modern, valuable and high-yielding crops. As a
consequence, agriculture must exploit the technologies devel-
oped over the last half century based on genetic improvement
and inputs but prevent loss of varietal diversity, fossil
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consumption or excessive use of agrochemicals which are
known to contribute to global warming (Kim and Dale
2005), soil, air and water contaminations or loss of beneficial
biodiversity like pollinators.

These increasing concerns about environmental impacts
and reduction of inputs require a transformation of current
cropping systems for improved efficiency and sustainability
(Cox and Atkins 1979; Jackson and Piper 1989; Vandermeer
et al. 1998; Griffon 2006). Organic farming is thus regarded as
one prototype to enhance the sustainability of present agricul-
ture and cereal-rich cropping systems because organic farming
does not allow the use of chemicals and is also in general
assumed to rely on higher crop diversity than its conventional
counterpart. Indeed, diversification of farming systems by
increasing the number of cultivated species and including a
larger proportion of legumes was proposed as a global re-
sponse to the challenges of future agriculture (Vandermeer
1995; Vandermeer et al. 1998; Altieri 1999; Griffon 2006;
Malézieux et al. 2009). Instead of using synthetic nitrogen
fertilizers to increase farmland productivity in the short term
and the overall farm production like for the Green Revolution,
new systems could be designed based on symbiotic N, fixation
by legumes. That was the case of some European farming
systems in the 1950s where as much as 50 % of all available
N may have originated directly from symbiotic N, fixation by
leguminous food, forage and green manure crops (Peoples
et al. 2009). In those systems, land was dedicated to fertility-
generating legume rotations, which potentially also contributed
to other ecosystem services such as carbon sequestration and
biodiversity (Peoples et al. 2009). Moreover, exploiting the
leguminous symbiotic fixation of atmospheric N, as a major
nitrogen source is a main objective also because it means that
less N fertilizer input is required (Fustec et al. 2010), reducing
CO2 emissions (Nieder and Benbi 2008) and lowering the
carbon footprints of agricultural products (Gan et al. 2011).
Legumes are of a particular interest in organic farming where
nitrogen availability is often limiting especially in the absence
of livestock (David et al. 2005) causing yield depressions and
lower protein concentrations of non-legume products as com-
pared to conventional agriculture.

Despite these advantages, grain legume cropping is less
favoured now, even in organic crop rotations, because of a
reputation of low yield and instability related to several factors
like intolerance to water stress, harvest difficulties because of
lodging, pathogen attacks causing diseases such as Ascochyta
spp., Botrytis spp. or Erysiphe spp., sensitivity to insect pests
like Sitona lineatus L. or Acyrthosiphon pisum Harris and
weed competition. Morever, there may be other limitations
in the interest for grain legume cropping because, for example,
the subsequent cereal crops following legumes in the rotation
might result in lower grain yields and protein concentration as
compared to cereals grown with a more direct nitrogen fertil-
ization using mineral fertilizers or animal manure.
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Aiming at higher crop diversity, intercropping is an inter-
esting option. It is defined as the simultaneous growth of two
or more species in the same field for a significant period of
time (Willey 1979a) but without necessarily sowing or har-
vesting at the same time (Vandermeer et al. 1998; Malézieux
et al. 2009). Niggli et al. (2009) describe intercropping as an
eco-functional intensification practice which has been widely
used to boost crop productivity (Qin et al. 2013), increase the
land utilization ratio (Agegnehu et al. 2008) and emit signif-
icantly lower amounts of greenhouse gases compared to sole
crops (e.g. Oelhermann et al. 2009; Naudin et al. 2014).
Intercropping is of particular interest in temperate regions
where organic arable crop rotations consist mainly of sole
crops, i.e. pure stands, including annual legumes
(Hauggaard-Nielsen et al. 2001b) with a number of abiotic
and biotic factors influencing yields. Indeed, the cereal-
legume interactions based on functional complementarity
could be a more suitable way to obtain stable yields along
with simultaneous atmospheric nitrogen inputs as compared
to the more classical introduction of legumes as sole crops
(Hauggaard-Nielsen et al. 2009b).

Due to the intensification of agriculture during the last
50 years (Crews and Peoples 2004), annual intercropping is
now rare in European countries, the more diverse pastures in
farming systems with livestock being an exception
(Hauggaard-Nielsen et al. 2001b). Intercropping is also rare
elsewhere in extensive farming systems (Anil et al. 1998;
Malézieux et al. 2009) while grass-clover mixtures are the
norm in non-cultivated and more natural grassland ecosys-
tems. However, there seems to be a renewed interest in cereal/
legume intercrops in Europe, most notably in organic farming
(Anil et al. 1998; Malézieux et al. 2009). Enhancing diversity
through the use of alternative crops, diversifying agro-
ecosystems and rotations or cultivating mixtures is also more
likely to fulfil multiple objectives like, for example: (i) in-
creasing yield and quality of grain and forage, (ii) providing
ecological services, (iii) improving adaptability of production
systems to climate change (IAASTD 2009) and (iv) potential-
ly allowing a greater resilience of systems to biotic and abiotic
stresses (Padulosi et al. 2002).

The main objective of this article is to describe and
analyse the potential advantages of cereal-grain legume
intercrops with species sown and harvested together in
organic cropping systems focusing on grain yield, grain
protein concentration, nitrogen use, weed control and eco-
nomic gross margin. Our work integrates a comprehensive
amount of original data (Table 1) from field experiments
conducted since 2001 in south and west France and Den-
mark in experimental and farm contexts with contrasting
soil and climatic conditions (Figs. 1 and 2, respectively).
Both spring and winter cereal/grain legume intercrops were
evaluated with barley (Hordeum vulgare L.), soft wheat
(Triticum aestivum L.) and durum wheat (7riticum

turgidum L.) intercropped with pea (Pisum sativum L.) or
faba bean (Vicia faba L.). Experiments covered a wide
range of management practices such as with or without
organic N fertilization, sowing species in separate rows or
within the same row and considering different sowing
proportions.

This data material altogether with an important biblio-
graphic analysis both for conventional and organic farming
gives a unique possibility to generate generic value on the
efficiency and functioning of cereal/grain legume inter-
crops. Intercrops were always compared with the corre-
sponding sole crops sown on the same date, receiving the
same N fertilization and harvested at the later crop maturity
in intercrops. When a N-fertilized sole crop legume was
not included in the experimental design, the unfertilized
legume sole crop was considered as the control, assuming
that N was not a limiting resource and thereby not influenc-
ing yields, as demonstrated on peas (Sagan et al. 1993;
Voisin et al. 2002). This hypothesis could be invalidated
when weevils occurred and caused damage to nodules at
the end of the growing season and when there was a
negative interaction between N-fertilization and N, fixa-
tion on total N supply. Feasibility and potential limitations
of intercropping will also be carefully addressed in order to
qualify the feasibility of transforming organic farming
existing practices.

2 Advantages expected by cereal/legume intercropping

Numerous agroecosystems advantages are expected by
introducing cereal/legume intercropping as compared to
the traditional and dominating cereal-rich crops rotations
(Hauggaard-Nielsen and Jensen 2005). The most obvious
advantages emphasized when trying to convince farmers to
adopt intercropping strategies are to improve and stabilize
yields (Hauggaard-Nielsen et al. 2009b; Lithourgidis et al.
2006) and also to increase the cereal grain protein concen-
tration as compared to the respective sole crops (Gooding
et al. 2007). Cereal/legume intercropping is regarded as
highly relevant in low-N-input systems and organic farm-
ing where nitrogen is often a limiting resource for crop
growth (Willey 1979a; Ofori and Stern 1987; Vandermeer
1989; Willey 1990; Fukai and Trenbath 1993; Hauggaard-
Nielsen et al. 2003; David et al. 2005; Desclaux et al. 2008;
Bedoussac and Justes 2010a, 2010b; Naudin et al. 2010).
Intercropping has also been shown to: (i) improve soil
conservation (Anil et al. 1998), (ii) favour weed control
(Banik et al. 2006; Corre-Hellou et al. 2011), (iii) reduce
pests and diseases (Trenbath 1993; Altieri 1999;
Hauggaard-Nielsen et al. 2007; Corre-Hellou and Crozat
2005; Ratnadass et al. 2012) and (iv) provide better lodg-
ing resistance (Anil et al. 1998).
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Table 1  List of field experiments analysed in this paper
Crops Cereal Legume  Year Location Sites (per N Intercrop densities Cultivar: cereal/legume
species species location) treatment (% of sole crop)
Writer crops  Hard wheat Pea 2009 South of France 1 N 58-93 Dakter/Enduro
(Toulouse area)
2009 South of France 1 NO 58-93 Acalou/Livia
(Toulouse area)
2009 South of France 1 NO 58-93 Dakter/Enduro
(Toulouse area)
2010 South of France 1 N 58-72 Dakter/Cartouche
(Toulouse area)
2010 South of France 1 NO 58-72 Dakter/Enduro
(Toulouse area)
Hard wheat Faba bean 2009 South of France 1 NO 58-49 Dakter/Irena
(Toulouse area)
2009 South of France 2 NO 58-49 L1823/Irena
(Toulouse area)
2009 South of France 1 NO 58-49 Duetto/Irena
(Toulouse area)
2010 South of France 2 NO 66-50 Dakter and L1823/Castel
(Toulouse area)
Soft wheat Pea 2003; 2005 West of France 1 NO 50-100; 50-50 Apache/Lucy
(Angers area)
2006 South of France 1 N;NO  50-50 Caphorn/Arthur
(Toulouse area)
2009 South of France 1 NO 30-70; 50-50 PR22R58/Livia
(Toulouse area)
2010 South of France 2 N 58-72 Aerobic/Enduro
(Toulouse area)
2010 South of France 1 NO 30-70; 50-50 PR22R58/Enduro
(Toulouse area)
2010 South of France 2 NO 58-72 Aerobic/Enduro
(Toulouse area)
Spring crops Soft wheat Faba bean 2003; 2004 Denmark (Taastrup) 1 NO; N 100-100;50-50
Barley Pea 2001; 2002; 2003 Denmark (Taastrup) 1 NO 50-50 Otira/Agadir and Bohatyr
2003; 2004; 2005 West of France 1 NO 50-100; 50-50 Scarlett/Baccara
(Angers area)
2003; 2004; 2005 Denmark (Taastrup) 1 NO 50-100; 50-50 Scarlett/Baccara
2009; 2010 South of France 1 NO 30-70; 50-50 Nevada/Livia
(Toulouse area)
Barley Faba bean 2001; 2002; 2003 Denmark (Taastrup) 1 NO 50-50 Otira/Columbo

Six intercrops were evaluated at 13 different sites in France (southern and western areas) and Denmark representing 58 treatments. For each trial we
indicate the cereal and legume densities in intercrop as a percentage of the sole crop densities, N treatment and cultivars. More information about
experiments can be found in Hauggaard-Nielsen et al. (2007); (2001a, 2001b); Knudsen et al. (2004) and Naudin et al. (2009)

HW durum wheat, S soft wheat, B barley, F faba bean, P pea, NO no N-fertilization N organic N-fertilization

Fig. 1 Durum wheat-winter pea intercrop in experimental field. South of

France
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South of France

Fig. 2 Durum wheat-winter faba bean intercrop in organic farm field.
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2.1 Intercropping is more efficient than sole crops for grain
production

The land equivalent ratio (LER; Willey and Osiru 1972) is
widely used in about 11 % of articles on intercrop or
intercropping published between 2000 and 2010 to compare
the efficiency of sole crops and intercrops for yield, dry weight
or any quantitative variable of production. More precisely, the
LER is defined as the relative land area required when grow-
ing sole crops to produce, for example, the yield achieved in
an intercrop with the same species proportion (Willey and
Osiru 1972). LER>1 indicates a per-area advantage to
intercropping compared to sole cropping in terms of improved
use of environmental resources such as light, water and
nitrogen.

Land equivalent ratio based on yield (LERyj;4) for a cereal/
legume intercrop is the sum of the partial LER values for
cereal (LERyicld-cereal) and legume (LERyigid.1 egume), 1N accor-
dance with Willey and Osiru (1972):

LERyielqg = LERYyjeld-Cereal + LERYield-Legume

_ YleldCereal-Intercrop YleldLegume-lntercrop

YieldCereal-Solecrop YieldLegume-Solecrop

Nevertheless, as pointed out by Williams and McCarthy
(2001), the full potential of the LER index is rarely explored.
Indeed, it is usually simply used to investigate whether the
intercrop is producing more than sole crops on similar area.
This index could be much more useful. It can picture the
competitive advantage of one species against the other inter-
crop component as well as mutual negative interactions or
facilitation interactions, in particular when plotting partial
LER values of legume as a function of those of the cereal.

Grain yield-based LER values in this data set are greater
than 1 (1.27 on average) for almost all the experiments
(Fig. 3). This confirms results obtained both in conventional
and organic farming that show an improvement in the use of
environmental factors for plant growth in intercropping com-
pared with the respective sole crops. Our results also demon-
strate the wide variability in LER ranging between 0.93 and
2.41 across experiments, with 50 % of the observations lying
between 1.06 and 1.36 without being able to identify more
efficient species or proportion treatments. Moreover, 16 % of
the treatments stand in the figure area corresponding to situ-
ations in which the legume grows better on a per plant basis in
the intercrop and suppresses the cereal. These situations cor-
respond to a partial land equivalent ratio for the legume higher
than its density ratio in IC relatively to the sole crop; this result
is simultaneously obtained with a partial land equivalent ratio
for the cereal lower than its density ratio in IC relatively to the
sole crop. The reverse is true in 48 % of the treatments while

Yield land equivalent ratio for legume and cereal

|'ERYieId-Legume
(0]
151
o ©
\\ \\\ ®
104, S0
* « Do (@]
\o\o X \\o .
W O AN 0
\D\ ‘\D CI\)

05 o kO™

oug
g .
\.\ \\\ \\\
0.0 : NI NN
0.0 0.5 1.0 1.5
l‘ERYieId-Cereal

Fig. 3 Partial land equivalent ratio based on the grain yield for the
legume (LERyi¢ig.1 cgume) @s @ function of that for the cereal (LERyjciq-
Cereal). Colour symbols refers to the cereal (red soft wheat, blue hard
wheat and green barley). Symbol brightness indicates the legume
component (dark faba bean and clear pea). Symbol shape corresponds
to the experimental site (circle South of France, diamond West of France
and square Denmark). N=58. We observed that grain yield-based LER
values are greater than 1 for almost all the experiments (1.27 on average)
indicating an advantage to intercropping compared to sole cropping in
terms of improved use of environmental resources such as light, water and
nitrogen per cropped area unit. Moreover, 48 % of the treatments
correspond to situations in which the cereal grown better in the
intercrop and suppresses the legume while the reverse is true in only
16 % of the treatments. These situations correspond to a partial legume
LER lower than its density ratio of IC relatively to the sole crop; this result
is simultaneously obtained with a cereal partial LER higher than its
density ratio of IC relatively to the sole crop

only 10 % corresponds to situation where both species are
suppressed in the mixture due to intra and interspecific com-
petitive interactions. Finally, in the last 26 % of the treatments,
both species grow better in the mixture on a per-plant basis
than they do as sole crops, indicating so-called facilitation.
Note that when a species is sown in intercrop at the same
density as in the sole crop, it always grows less than in the sole
crop indicating lack of complementarity between intercropped
species (Willey 1979a, 1979b).

The land equivalent ratio is a relevant indicator, not to
interpret interactions but to quantify mixture productivity as
compared to the sole crop situation (Jolliffe 2000) because it is
dependent on the sole crop reference (Mead and Willey 1980;
Jolliffe 2000). For that reason, LER values must always be
related to the original data values and in particular those of the
sole crop since relative and absolute production performances
are not necessarily linked. For example, species mixtures with
highest LER values do not necessarily have highest absolute
productivity (Garnier et al. 1997; Jolliffe and Wanjau 1999).
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Many others indices are relevant for evaluating species inter-
actions and intercrop efficiency (Weigelt and Jolliffe 2003),
and a comparison of commonly used indices has been done by
Bedoussac and Justes (2011) on durum wheat-winter pea
intercrops.

2.2 Intercropping increases total grain production

Intercropping increases grain yield in organic farming over a
wide range of grain yields (0.06-0.57 kg m 2). In fact, the
total grain yield of the intercrop corresponding to the cereal
plus the legume is nearly always (91 % of our experiments)
higher than the mean yield of the respective sole crops (0.33+
0.10 and 0.27+0.09 kg m 2, respectively; Fig. 4a). Relative
yield of mixtures (RYM)—defined as the ratio of the total
yield of the intercrop to the mean yield of the pure crops
(Wilson 1988)—is on average 1.30+0.26, with values lying
between 0.93 and 2.06. The total average intercrop yield is
greater (in 64 % of our experiments) than the sole cropped
cereal (0.29+0.09 kg m ?; Fig. 4b) and greater (in 83 % of our
experiments) than the sole cropped legume (0.24+
0.14 kg m?; Fig. 4c). Moreover, the advantage of the inter-
crops seems to be greater when the yield of one or both of the
respective sole crops is quite low, thus suggesting that
intercropping could be a more suitable way to obtain stable
yields in organic farming and low-nitrogen availability sys-
tems. These results confirm those obtained both in conven-
tional agriculture and organic farming showing a higher grain
yield in intercrop when comparing to the respective sole crops
and in particular for cereal/legume mixtures (e.g. Jensen
1996a; Bedoussac and Justes 2010a, 2010b; Hauggaard-
Nielsen et al. 2009a, 2009b).

In most situations, the intercropped cereal is more produc-
tive than the intercropped legume independently of the
cropping strategy (Fig. 5). Moreover, the more the cereal grain
yield increased when intercropped, the less the legume yielded
suggesting that there is a trade-off within the two crop yields.
However, the relation is not linear indicating that in our

Fig. 4 Total grain yield (kg m ) of the intercrop (IC; cereal+legume) as P

a function of a (y=0.95x+0.08; R?=0.74***) mean sole crop grain yields,
b (y=0.74x+0.11; R>=0.48***) sole crop cereal grain yield and ¢ (y=
0.48x+0.22; R*=0.44***) sole crop legume grain yield. Colour symbols
refers to the cereal (red soft wheat, blue hard wheat and green barley).
Symbol brightness indicates the legume component (dark faba bean and
clear pea). Symbol shape corresponds to the experimental site (circle
South of France, diamond West of France and square Denmark). N=58.
The total grain yield of the intercrop is a higher than the mean yield of the
respective sole crops in 91 % of our experiments (0.33 and 0.27 kg m >
respectively), b greater than the sole cropped cereal in 64 % of our
experiments (0.29 kg m ) and ¢ greater than the sole cropped legume
in 83 % of our experiments (0.24 kg mfz). Moreover, the advantage of the
intercrops seems to be higher when the yield of one or both of the
respective sole crops is quite low suggesting that intercropping could be
a more suitable way to obtain stable yields in organic farming
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conditions, the dominant crop always provides a niche giving
a minimum amount of grain yield produced by the dominated
crop. The fact that the cereal is dominant in the intercrop can
be partially explained by the productivity of the sole cropped
cereal higher than that of the sole cropped legume. Neverthe-
less, the proportion of cereal in the intercrop is greater than
that calculated on the basis of the sole crop yields only (3.9
versus 2.5; Fig. 6a) and this is also true when correcting sole
crop yields values by species density in intercrop relatively to
the sole crops (3.9 versus 1.9; Fig. 6b). This indicates that the
intercropped cereal most often took an advantage when grow-
ing with legumes confirming that the cereal is the most com-
petitive species independent of cropping strategy (Vandermeer
et al. 1998).

2.3 Intercropping improves the protein concentration
of the cereal grain

Fulfilling the cereal nitrogen demand is crucial for obtaining
profitable yield and grain protein concentration (Garrido-
Lestache et al. 2004). Consequently, cereals are generally

Cereal and legume grain
yield in intercrop

Intercrop legume
grain yield (kg m2)

0.4
0.3 4
0.2
0.1+
=} o ©O
e (@) OO. % <><>
0.0 o 0 —q , :
0.0 0.1 0.2 0.3 04
Intercrop cereal grain yield
(kg m??)

Fig. 5 Intercrop (IC) legume grain yield (kg m 2) as a function of the IC
cereal grain yield (y=—0.08In(x)—0.01; R*=0.20%**). Colour symbols
refers to the cereal (red soft wheat, blue hard wheat and green barley).
Symbol brightness indicates the legume component (dark faba bean and
clear pea). Symbol shape corresponds to the experimental site (circle
South of France, diamond West of France and square Denmark). N=58.
In most of the situations, the intercropped cereal is more productive than
the intercropped legume independently of the cropping strategy.
Moreover, the more the cereal grain yield increased when intercropped,
the less the legume yielded suggesting that there is a trade-off between the
two crops yield. However, the relation indicates that in our conditions, the
dominant crop always provides a niche giving a minimum amount of
grain yield produced by the dominated crop

Cereal grain yield proportion in intercrop
and sole crop considering or not
relative sowing densities
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Fig. 6 Cereal/legume yield ratio in intercrop as a function of that for sole
crops (a; y=0.77x"1% R*=0.63***) and cereal/legume yield ratio in
intercrop as a function of that for sole crops corrected by species
relative density (% of the sole crop densities) in intercrop (b; y=
0.40x"27; R*=0.70%**). Colour symbols refers to the cereal (red soft
wheat, blue hard wheat and green barley). Symbol brightness indicates
the legume component (dark faba bean and clear pea). Symbol shape
corresponds to the experimental site (circle South of France, diamond
West of France and square Denmark). N=58. The proportion of cereal in
the intercrop is a greater than that calculated on the basis of sole crops
yields only (3.9 versus 2.5) and also b greater than that calculated on the
basis of the sole crops yields correcting values by species density in
intercrop relatively to the sole crops (3.9 versus 1.9). Altogether, this
indicates that the intercropped cereal most often took an advantage when
growing with legumes independent of cropping strategy. This confirms
that the cereal is the most competitive species which can be partially
explained by the productivity of the sole cropped cereal higher than that
of the sole cropped legume

fertilized with high levels of nitrogen not only in conventional
cropping systems but also in organic systems using consider-
able amounts of organic inputs like animal manure, green
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manuring etc. On the contrary, in lower-nitrogen-input sys-
tems, limiting nitrogen resource makes it difficult to reach a
sufficient grain protein concentration as required by agro-food
industries either for soft wheat to make bread or for durum
wheat to make semolina and pasta. Thus, in order to avoid a
low durum wheat kernel vitreousness (Garrido-Lestache et al.
2004) which makes it unsuitable for high-quality semolina
production (Samaan et al. 2000), it is necessary to increase the
amounts of remobilized nitrogen into the grain during the final
part of the crop cycle. Yet, as we indicated above, intercrops
would be a way of improving harvested grain quality and in
particular its protein concentration compared with the tradi-
tional sole cropping (e.g. Jensen 1996a; Knudsen et al. 2004;
Gooding et al. 2007; Bedoussac and Justes 2010a; Naudin
etal. 2010). Our results confirm that the protein concentration
of the intercropped cereal is almost always greater than that of
the respective cereal sole crop (Fig. 7a), with a mean of 11.1
versus 9.8 %. For durum wheat/winter pea intercrops, the
biggest advantage of the intercrop is observed for low grain
protein concentration of the sole cropped wheat due to limited
availability of nitrogen during growth, thus confirming inter-
crops benefits in low-nitrogen availability systems
(Bedoussac and Justes 2010a). Naudin et al. (2010) show that
unfertilized wheat/winter pea intercrops can produce wheat
protein concentrations not significantly different from sole
cropped wheat fertilized with 18.5 g N m 2. In the case of
legumes (Fig. 7b), no difference in average protein concen-
tration could be observed between sole crops and intercrops
(24.9 % in both cases) certainly due to the ability of the
legumes to fulfil their nitrogen requirements by N, fixation.

2.4 Intercropping reduce weeds compared to the sole cropped
legumes

Intercrops can potentially reduce weeds, diseases and pests
(Trenbath 1993; Altieri 1999) often regarded as determinant
factors influencing crop production (Liebman 1988; White
and Scott 1991; Liebman and Dyck 1993; Midmore 1993;
Bulson et al. 1997; Liebman and Davis 2000; Hauggaard-
Nielsen et al. 2001b). In particular, grain legumes, such as
peas (P. sativum L.), are known to be weak competitors
against weeds when grown as the sole crop (Wall et al.
1991; Townley-Smith and Wright 1994; Mcdonald 2003),
and weed infestations have been shown to severely limit the
N nutrition and grain yield of organically grown grain le-
gumes (Corre-Hellou and Crozat 2005). Our results show that
weed biomass below the intercrops or the cereal sole crops at
harvest are comparable (0.04 kg m 2; Fig. 8a) but significantly
lower than below the legume sole crops (0.14 kg m ?;
Fig. 8b). These results are consistent with those obtained by
Corre-Hellou et al. (2011) on pea/barley intercrops where the
weed suppression was high and consistent even with a low
percentage of barley in the total biomass, whereas it was lower
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Cereal and legume grain protein concentration
in intercrop and sole crops
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Fig. 7 Grain protein concentration (% of dry weight; DW) in intercrops
as a function of the sole crop grain protein concentration of a (y=0.85x+
2.77; R*=0.69***) the cereal and b (y=0.99x+0.28; R*=0.84***) the
legume. The grain protein concentration was calculated by multiplying
the nitrogen content by 6.25 for the legume and the barley (animal
consumption) and by 5.7 for soft and durum wheat (human
consumption). Colour symbols refers to the cereal (red soft wheat, blue
hard wheat and green barley). Symbol brightness indicates the legume
component (dark faba bean and clear pea). Symbol shape corresponds to
the experimental site (circle South of France, diamond West of France and
square Denmark). N=56. The results indicate a that the protein
concentration of the intercropped cereal is almost always greater than
that of the respective sole crop cereal (11.1 % versus 9.8 % on average)
and the biggest advantage of the intercrop is observed for low grain
protein concentration of the sole cropped cereal, thus confirming
intercrops benefits in low-nitrogen availability systems. In the case of
legumes, b no difference in average protein concentration could be
observed between sole crops and intercrops (24.9 % in both cases)
certainly due to the ability of the legumes to fulfil their nitrogen
requirements mainly by N, fixation

and more variable in pea sole crops. These results also con-
firmed that intercropping maintains a highly asymmetric com-
petition over weeds, regardless of the particular species and
productivity weed infestation, the crop biomass or the soil
nitrogen availability, but these relations must be investigated
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Weeds dry weight at harvest
in intercrop and sole crops

Weeds dry weight
in intercrop (kg m2)

0.15 .
a)

0.10

0.05 1

0.00 T T )
0.00 0.05 0.10 0.15
Weeds dry weight in sole crop cereal
(kg m?)
Weeds dry weight
in intercrop (kg m?)
0.15 4 b) g
s B
0.10 1
o
0.05 4
0.00 ¢ T T T T
0.0 0.1 0.2 0.3 04
Weeds dry weight in sole crop legume
(kg m??)

Fig. 8 Weeds dry weight (kg m ?) below intercrops as a function of a
(y=0.86x; R*=0.59***) cereal sole crop and b (y=0.26x; R*=0.47%**)
legume sole crop. Colour symbols refers to the cereal (red soft wheat, blue
hard wheat and green: barley). Symbol brightness indicates the legume
component (dark faba bean and clear pea). Symbol shape corresponds to
the experimental site (circle South of France, diamond West of France and
square Denmark). N=43. The results show that a weed biomass within
the intercrops or the cereal sole crops at harvest are comparable
(0.04 kg m?) but b significantly lower than within the legume sole
crops (0.14 kg m ). They also confirm that intercropping maintains a
highly asymmetric competition over weeds, regardless of the particular
species and biomass of weeds, the crop productivity or the soil nitrogen
availability

in further details. Moreover, even if intercrops can suppress
weeds quite effectively, they could require mechanical
weeding, e.g. using tine harrow in some years with heavy
infestation. In organic farming, mechanical weeding can be

effective when the operation is correctly timed. However, the
ideal growth stages for mechanical weeding of the two species
in an intercrop can be incompatible and then the time schedule
for using mechanical weeding is shorter and more difficult to
estimate. Hence, this technique must be applied with care and
requires more technical skill as compared to sole cropping.

This weed suppression can be explained by improved
resources use efficiency leaving less space, water and
nutrients available to the weeds. Nitrogen and light are
two main growth levers to reduce weed infestation owing
to the intercropped species complementary abilities like: (i)
use of nitrogen (soil mineral nitrogen and atmospheric N5),
(i) capture of light energy (e.g. Bedoussac and Justes
2010b) and (iii) soil cover (Fig. 9; Anil et al. 1998). These
mechanisms for acquisition/interception which are inti-
mately linked and dependent on the temporal and spatial
growth dynamics of the shoot and root system (Dreccer
et al. 2000) could therefore explain both the intercrop yield
gains and weed reduction (Poggio 2005; Banik et al. 2006).
It is important to bear in mind that an intercropped cereal is
a valuable component to improve competitive ability to-
wards weeds and also providing a physical support to
reduce pea lodging. Therefore, intercropping can be a
way to successfully produce grain legumes in organic
farming and reduce requirement for mechanical weed
management.

Partial conclusions from “section 2”:

» Intercropping improved the use of abiotic resources
compared to sole cropping, leading to: (i) a higher total
grain yield than the mean yield of the respective sole
crops in almost all the experiments (0.33 versus
0.27 kg m 2), (ii) a weed biomass reduction compared
with the legume sole crops (0.04 versus 0.14 kg m?)
and (iii) a higher protein concentration in grains of the
cereal compared to the respective cereal sole crop (11.1
versus 9.8 %).

» The advantages of the intercrops are higher when the
yield of one or both of the respective sole crops is quite
low and in case of low grain protein concentration of
the sole cropped cereal. It thus confirms intercrops
benefits in low-nitrogen availability systems and sug-
gests that intercropping could be a more suitable way to
obtain stable yields in organic farming.

3 Interactions between species and complementary use
of N sources

3.1 Competition, complementarity and facilitation for use
of resources

In multi-species mixtures with two or more species, the
interactions between species can be represented as the
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Fig. 9 Durum wheat-winter pea
intercrop soil cover dynamics.
Pictures of the same spot were
taken at various times of the
growth period. Sequence to be
read from left to right and top to
bottom

effect of one species on the environment and the re-
sponse of the other(s) species to this change (Vandermeer
1989; Goldberg 1990). The interactions are complex,
occur dynamically over time and space (Connolly et al.
1990) and depend, inter alia, on the availability of nu-
trients, soil-climatic conditions and the companion spe-
cies and cultivars. Three types of plant-plant interactions
have been distinguished: (i) competition occurring when
one species modifies the environment of another adverse-
ly, e.g. shading or extraction of a resource which be-
comes limiting; (ii) complementarity when the
intercropped species are not in competition for the same
resources in time or space or for a chemical form of a
nutrient allowing a more efficient use of environmental
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resources by the association compared with sole crops
(Willey 1979a, 1979b) and then leading to an overall
advantage of intercrops such as grain yield, dry weight
or grain quality notably when interspecific competitions
are less strong than intraspecific competitions and (iii)
facilitation when the modification of the environment is
beneficial for one component species at least, e.g. alle-
lopathy or the barrier effect against disease spread con-
ferring an advantage to intercrops (Vandermeer 1989;
Hauggaard-Nielsen and Jensen 2005), for example, by
reducing disease attack (Trenbath 1993), weed competi-
tion (Hauggaard-Nielsen et al. 2001b) or by increasing
N transfer and phosphorus availability to cereals
(Hinsinger 2001).
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3.2 Intercropping with a non-legume increases the rate
of atmospheric N, fixation but reduces the quantity
of nitrogen fixed on an area basis

Among other things, the greater efficiency generally observed
in legume/cereal intercrops can be explained by the fact that
the two intercropped species use mineral soil N and atmo-
spheric N, in a complementary way (Ofori and Stern 1987,
Jensen 1996a; Bedoussac and Justes 2010a, 2010b; Corre-
Hellou et al. 2006; Naudin et al. 2010). This is of special
interest in organic systems where soil mineral nitrogen can be
a limiting factor while cropping legumes as sole crops can be
considered as an inefficient way for utilizing the soil N
sources, since the legumes can cover major part of their N
requirements by N,-fixation.

Nevertheless, formation of nodules and their activity in
legumes takes place gradually (Tricot et al. 1997; Voisin
et al. 2002) and then legumes depend on soil mineral N and
seed N reserves during early growth (Mahon and Child 1979).
Thus, at the beginning of growth, the intercropped cereals and
legumes components compete for soil mineral nitrogen via
root absorption. Competitive advantage may be determined
by differences in the speed of advance of the rooting front
(Hamblin and Tennant 1987) and different demands from the
beginning of growth (Hauggaard-Nielsen et al. 2001a;
Bellostas et al. 2003; Andersen et al. 2004). Hence, in early
growth, the sharing of the soil mineral N will be determined
by differences in rooting depth under low soil N availabilities
and by differences in N demands between species under
higher soil N availabilities (Corre-Hellou et al. 2007).

Consequently, the cereal should be favoured in early stages
due to a faster growth and then a greater interspecific compet-
itiveness for soil inorganic N as compared to the legume
(Jensen 1996a). This leads to a rapid decrease in the quantity
of available mineral nitrogen in the surface soil layer where
occurs symbiotic fixation, which forces the legume to mainly
rely on N,-fixation (Hauggaard-Nielsen et al. 2001a). The
consequence is a higher percentage of legume nitrogen de-
rived from air compared with sole crops (Jensen 1996a; Corre-
Hellou et al. 2006; Hauggaard-Nielsen et al. 2009b; Naudin
et al. 2010), allowing the legume to fulfil its nitrogen require-
ments (Crozat et al. 1994; Voisin et al. 2002; Naudin et al.
2010). Our analysis, combining the different experiments and
growing conditions in organic farming, confirmed a higher
percentage of nitrogen derived from air in legumes when
intercropped (in average 73 and 61 % of Ndfa for intercrops
and sole crops, respectively; Fig. 10a). In that way, almost all
available soil N is utilized by the intercropped cereal compo-
nent having only this source to fulfil its demand.

However, Naudin et al. (2010) have shown that variations in
the availability of mineral nitrogen from about 1.4 to
6.0 ¢ N m 2 in the 0-30-cm top soil layer occurring before
the reproductive stage of peas do not reduce the fixation rate of

Percentage and amount of legume N derived
from air in intercrop and sole crop

Intercrop legume N derived
from air (% of plant N)

100
a)

80 4

60

404
20{ ¥
0+ . . - . :
0 20 40 60 80 100
Sole crop legume N derived from air
(% of plant N)

Intercrop legume N
accumulated from air (g N m2)

204 b)

104

0

0 5 10 15 20

Sole crop legume N accumulated from air
(s N m?)

Fig.10 Percentage of legume plant nitrogen derived from air in intercrop
as a function of that in sole crop (a; y=0.86x+22.00; R>=0.62***) and
quantity of N, fixed in shoots (g N m ?)in intercrop as a function of that
in sole crop (b; y=0.51x+0.85; R*=0.71***). Colour symbols refers to
the cereal (red soft wheat, blue hard wheat and green barley). Symbol
brightness indicates the legume component (dark faba bean and clear
pea). Symbol shape corresponds to the experimental site (circle South of
France, diamond West of France and square Denmark). N=43. Our
analysis, combining the different experiments and growing conditions
in organic farming, confirmed a a higher percentage of nitrogen derived
from air in legumes when intercropped (in average 73 and 61 % of Ndfa
for intercrops and sole crops, respectively). However, the quantity of
nitrogen fixed b by the intercropped legume is less than that of the sole
crop legume because of lower biomass compared with the sole crop
according to the fewer legume plants per unit area in intercrop
altogether with cereal competition for light

intercropped peas. Indeed, in the field experiment carried out in
2007 and 2008 (Naudin et al. 2010), the percentage of legume
nitrogen derived from air of intercropped pea in unfertilized
treatments increased gradually with thermal time up to 90 % at
the end of the crop cycle. The earliest N-supply during vege-
tative stages of pea, eight leaves entailed a transitory high
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decrease in the percentage of legume nitrogen derived from air.
Thereafter, it increased again but remained below the unfertil-
ized intercrop during a main part of the crop cycle. It reached
the same value as that observed in unfertilized intercropped
peas at maturity. The latest N-supply during pea flowering at
the beginning of seed filling entailed a higher decrease in the
percentage of legume nitrogen derived from air without a
recovery. Soil N-mineral content in 0—30-cm soil layer tended
to increase during the few days after N-applications. Then, it
remained close to soil N-mineral content observed in no-
fertilized conditions. The intensity of the transitory inhibition
of N, fixation during the 2 weeks succeeding N-applications is
mainly dependent on the nitrates availability. Indeed the per-
centage of legumes nitrogen derived from air of N-fertilized
intercropped peas decreased linearly with soil nitrate content in
0-30-cm soil layer (y=—1.92x+103.64; R*=0.96**). Total
inhibition threshold of nitrate content on symbiotic N fixation
could be observed between 3.5 and 5.0 g nitrate m 2, as
previously shown in sole crop by Voisin et al. (2002).

Moreover, since an increase in the early availability of
mineral nitrogen tends to favour the biomass of the cereal at
the expense of that of the legume, it is often observed that the
quantity of nitrogen fixed by the intercropped legume is
reduced compared with situations of low-nitrogen availability.
Despite the higher symbiotic fixation rate, our data confirmed
that the quantity of nitrogen fixed by the intercropped legume
is less than that of the sole crop legume (Fig. 10b) because of
lower biomass compared with the sole crop according to the
fewer legume plants per unit area in intercrop altogether with
cereal competition for light (Bedoussac and Justes 2010a).
This confirms that differences between intercrops in quantity
of nitrogen fixed by legumes are more determined by differ-
ences in crop growth than by differences in symbiotic fixation
rate (Naudin et al. 2010): in this study, the variability in IC pea
biomass whatever N-regimes explained 90 % of the variability
in N, fixation of IC pea (y=0.018x+1.938; R?=0.99***),

3.3 Complementary use of nitrogen pools

Because of the soil mineral nitrogen and N, from the air
complementary use between cereals and legumes, intercrops
can reduce the risks of nitrate leaching compared to a sole
cropped legume (Hauggaard-Nielsen et al. 2003; Corre-
Hellou 2005). Moreover, because intercrops are usually fertil-
ized with a small amount of N, the risks of nitrate leaching are
potentially reduced compared to a cereal which has received
excessive fertilization (Abad et al. 2004). Soil mineral nitro-
gen content measured after intercrop harvest which is an
indicator of the nitrate leaching risk is 5.1£3.2 ¢ N m 2 on
average, which is slightly greater than that observed after
cereal sole cropping (4.4+2.8 ¢ N m%; Fig. 11a) and on
average less than after legume sole cropping (6.0+
3.4 g N m 2 Fig. 11b). However, because the difference
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between treatments is relatively small, it is not possible to
draw conclusions about reducing nitrate leaching risks using
cereal/legume intercropping as compared to legume sole
cropping or an excessively fertilized cereal. For such conclu-
sions, it would be necessary to take into account

Soil N mineral content at harvest
in intercrop and sole crops
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Fig. 11 Soil mineral nitrogen content (g N m 2) at harvest after cereal/
legume intercropping as a function of a (y=1.16x; R*=0.95%**) the cereal
sole crop and b (y=0.86x; R*=0.80***) the legume sole crop. Colour
symbols refers to the cereal (red soft wheat, blue hard wheat and green
barley). Symbol brightness indicates the legume component (dark faba
bean and clear pea). Symbol shape corresponds to the experimental site
(circle South of France, diamond West of France and square Denmark).
N=25. Our results indicate that soil mineral nitrogen content measured
after intercrop harvest is a slightly greater than that observed after cereal
sole crop (5.1 versus 4.4 g N'm ™ on average) and b less than after legume
sole crop (6.0 g N m 2). However, because the difference between
treatments is relatively small it is not possible to draw stabilized
conclusions concerning the reduction of nitrate leaching risks with
cereal/legume intercropping in comparison to legume sole cropping
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mineralization of roots and crop residues including quantity
and chemical characteristics such as carbon/nitrogen ratio
which is generally lower for sole crops legumes than for sole
crops cereals and intermediate for intercrops together with
climatic conditions favouring downwards water movement
and practices like the use of catch crop (Justes et al. 2012).

3.4 Improved light interception

As already explained, the interactions between intercropped
species can occur not only below-ground through soil mineral
nitrogen, nutrients and water uptake by the root system but also
above-ground through shoot light interception. In the absence
of limiting abiotic and biotic factors such as water, nutrients,
pests, diseases and weeds, the crop dry matter yield depends
mainly on the absorbed radiation (Loomis and Williams 1963)
under both the sole crop (Shibles and Weber 1966; Monteith
1977; Kiniry et al. 1989) and the intercrop growing conditions
(Natarajan and Willey 1980a, 1980b; Sivakumar and Virmani
1980; 1984). Species differences and interspecific complemen-
tarities could allow a better dynamic occupation of the space—
when crops differ in their shoot architecture—and time—when
crop life cycles differs (Trenbath 1986; Tsubo et al. 2001;
Tsubo and Walker 2002; Poggio 2005). Then, intercrops could
allow an increase in light interception throughout the growth of
the intercrop and be more efficient than sole crops for light use
(Jahansooz et al. 2007; Bedoussac and Justes 2010b) allowing
higher biomass and yield production of the whole intercrop
compared to the sole crops.

However, in intercrops, the efficiency of light interception
does not only depend on the leaf area ratio and the light
extinction coefficient of each species (Sinoquet and
Caldwell 1995) which is an empirical parameter related to:
(i) the structure of the plant canopy with erect or horizontal
leaf habit, (ii) the height of the sun above the horizon and (iii)
the diffuse/direct ratio of the radiation. In fact, because of the
spatial heterogeneity of the canopy, the distribution of lumi-
nous energy depends on the relative values of the intercropped
species in terms of height, leaf area and spatial distribution,
and species growth dynamics (Fukai 1993; Midmore 1993;
Barillot et al. 2014a, 2014b). There is a general agreement that
the partition of radiation when intercropping different species
is primarily influenced by vertical competition (Spitters and
Aerts 1983; Caldwell 1987; Cudney et al. 1991; Cenpukdee
and Fukai 1992a, 1992b) and secondly by the crop row
orientation and the light extinction coefficient of the leaves
of each species.

3.5 Acquisition of nitrogen and light: two intimately linked
processes

Nitrogen acquisition and light interception are two intimately
linked processes (Dreccer et al. 2000) influenced by the

growth dynamics of shoot and root systems. In an intercrop,
the leaf structure of cultivated species depends on both the
morphogenetic characteristics of each species and the spatial
structure of the stand, and the response of each species to the
nitrogen status and more generally to their response to inter
and intraspecific competition. The nitrogen status—an indica-
tor of the level of fulfilling the crop nitrogen demand (Lemaire
and Gastal 1997)—is a determining factor for leaf growth.
Consequently, the availability of nitrogen will influence the
partition of the radiation by modifying the proportion of each
species in the total intercrop leaf area (Gastal and Belanger
1993). Using root and/or shoot compartment techniques Wil-
son (1988) has shown that root competition is usually domi-
nating shoot competition in the intensity of competition and
resource use such as water and nutrients. Competition for soil
resources and in particular for nitrogen cannot be studied
separately from competition for light. Soil nitrogen supply
and plant nitrogen uptake are in permanent interaction with
shoot growth (Corre-Hellou et al. 2006) in combination with
other environmental conditions like soil water.

Partial conclusions from “section 3:

* Species differences and interspecific complementarities
in their shoot architecture and crop duration cycles
could increase light interception throughout the growth
of the intercrop allowing higher biomass and yield
production compared to the sole crops.

* Intercropped cereals and legumes compete for soil
mineral nitrogen in early stages, in favour of the cereal
and forcing the legume to increase its N,-fixation in
comparison to sole crop (73 versus 61 % of nitrogen
derived from air) but decreasing the quantity of nitro-
gen fixed by the legume due to lower biomass com-
pared with the sole crop according to the half plant
density altogether with cereal competition for light in
intercrop.

4 Greatest intercrop advantages in low-input systems

4.1 The lower the soil nitrogen availability, the greater
the intercrop efficiency

Numerous studies suggest that intercrops are particularly suit-
ed to low-nitrogen-input systems (Willey 1979a, 1979b; Ofori
and Stern 1987; Vandermeer 1989; Willey 1990; Fukai and
Trenbath 1993; Jensen 1996a; Hauggaard-Nielsen et al. 2003;
Corre-Hellou et al. 2006 and Bedoussac and Justes 2010a,
2010b). For durum wheat/winter pea intercrops (Bedoussac
and Justes 2010a), the biggest advantage of the intercrop is
observed when the availability of nitrogen during growth is
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low. Conversely, when nitrogen fertilizer is applied, the
intercropped legume growth and yield were significantly re-
duced, while those of wheat increased slightly, leading to a
disadvantage of intercrops. This implies that intercropping
may be advantageous when nitrogen availability correspond-
ing to soil nitrogen plus N-fertilizer is below a determined
threshold (12 g N m ™ in these experiments) due to a high
degree of complementary nitrogen use between the two spe-
cies for low N levels. Such results have been reported for
several cereal/legume intercrops grown in arid, semi-arid,
tropical and temperate climates (Fujita et al. 1992; Ofori and
Stern 1987, Jensen 1996a; Naudin et al. 2010). Present results
confirm that there is a negative correlation between grain
yield-based LER and mean yield of the sole crops (Fig. 12)
and it is important to emphasize that rather high LER values
(>1.5) usually correspond to low yield levels of one or both
sole crops, typically the legume.

We also observed a slightly negative correlation (Fig. 13)
between grain yield-based LER and soil mineral nitrogen
quantities accumulated by the cereal sole crop which is an

Yield land equivalent ratio
and sole crops yield
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Fig. 12 Land equivalent ratio as a function of mean sole crop (cereal and
legume) grain yield (kg m 2; y=0.84x"°2%; R=0.34***). Colour symbols
refers to the cereal (red soft wheat, blue hard wheat and green barley).
Symbol brightness indicates the legume component (dark faba bean and
clear pea). Symbol shape corresponds to the experimental site (circle
South of France, diamond West of France and square Denmark). N=58.
Present results confirm that there is a negative correlation between grain
yield-based LER and mean yield of the sole crops. It is also important to
emphasize that rather high LER values (>1.5) usually correspond to low
yield levels of one or both sole crops, typically the legume. This confirms
that intercrops are particularly suited to increase the productivity in low
productive conditions and hence some organic farming systems.
Therefore, intercropping could be a more suitable way to obtain high
and stable yields in such situations
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Yield land equivalent ratio
and cereal N accumulated
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Fig. 13 Land equivalent ratio as a function of nitrogen accumulated in
shoots (g N m™%; y=2.59x *'8; R?=0.12%*) by the cereal sole crop.
Colour symbols refers to the cereal (red soft wheat, blue hard wheat and
green barley). Symbol brightness indicates the legume component (dark
faba bean and clear pea). Symbol shape corresponds to the experimental
site (circle South of France, diamond West of France and square
Denmark). N=56. Our results demonstrate a slightly negative
correlation between grain yield-based LER and soil mineral nitrogen
quantities accumulated by the cereal sole crop which is an indicator of
the nitrogen availability. This suggests that highest LER values are
obtained when competition between plants for soil N is high,
corresponding to a low soil N availability, and confirms that intercrops
are particularly suited to low-nitrogen systems and hence some organic
farming systems. Note that in our situations, the range of nitrogen
quantities accumulated by the cereal are relatively small, averaging 2.6—
13.3 g N m 2, whereas intensively grown wheat can absorb more than
30gNm?>

indicator of the nitrogen availability. In a similar range of soil
N availabilities in spring pea/barley intercrops, the highest
LER values were obtained when competition between plants
relying on soil N alone was high corresponding to a low soil N
availability and/or a high plant density of cereal (Corre-Hellou
et al. 2006). In our situations, the range of nitrogen quantities
accumulated by the cereal are relatively small, averaging 2.6—
13.3 ¢ N m 2, whereas intensively grown wheat can absorb
more than 30 g N m 2. This could then explain the fact that the
correlation with LER is not so significant as that demonstrated
by Bedoussac and Justes (2010a) on conventional farming
where sole crops cereal accumulated from 7.5 to 20 g N m >
according to mineral N supply.

Finally, the relative advantage of the intercrops (LERy;eq>
1) seems to be greater when the yield of the sole crops or the
quantity of nitrogen available is low confirming that inter-
crops are particularly suited to low-nitrogen systems and
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hence some organic farming systems. Moreover, these two
relations suggest that in our conditions, intercrop efficiency
for grain yield production compared to sole crops depends on
N availability but much more on both biotic and abiotic
factors that could have negatively impacted the sole crops
grain yield. Finally, due to the numerous treatments in our
set of data such as species, sowing proportion and with or
without organic N fertilization it is reasonable to consider that
relations between LER and mean sole crops yield or sole crops
cereal N accumulated are not as direct as those observed for a
specific kind of intercrop like for conventional durum wheat-
winter pea (Bedoussac and Justes 2010a). All in all, intercrop
yield advantages occur when intercrop components compete
only partly for the same growth resource, possibly influenced
by biotic and abiotic interactions, enhancing the complemen-
tary effects between species.

4.2 Cereal grain protein concentration in IC depends on sole
crop quality, yield reduction and soil mineral use
by the legume

The improvement in the protein concentration of the
intercropped cereal could be explained by an increase in the

quantity of mineral nitrogen available per kilogram of grain

Cereal land equivalent ratio
for grain protein and yield

I'ERGrain protein-Cereal
1.64

1.4

1.2

1.0

0.8 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

LE RVieId—Cereal

Fig. 14 Cereal partial land equivalent ratio for grain protein
concentration as a function of cereal partial land equivalent ratio for
grain yield (y=1.06x""1%;, R*=0.34%**). Colour symbols refers to the
cereal (red soft wheat, blue hard wheat and green barley). Symbol
brightness indicates the legume component (dark faba bean and clear
pea). Symbol shape corresponds to the experimental site (circle South of
France, diamond West of France and square Denmark). N=56. This
figure underlines that the improvement in the protein concentration of
the intercropped cereal could be explained primarily by the lower grain
production of the intercropped cereal compared with the sole crop
situation (0.19 and 0.29 kg m 2, respectively) which is found in 98 %
of our experiments

produced and/or by a better fit between nitrogen requirements
of the cereal and soil mineral nitrogen availability. The first
hypothesis is explained primarily by the lower grain produc-
tion of the intercropped cereal compared with the sole crop
situation (0.19 and 0.29 kg m ™2, respectively) which is found
in most cases (98 % of our experiments) (Fig. 14). Neverthe-
less, Bedoussac (2009) showed that intercropped cereal pro-
tein concentration is strongly correlated with that in the sole
crop representing genotype’s response to environmental con-
ditions. Actually, one can estimate the protein concentration of
the intercropped cereal quite well from the protein concentra-
tion of the sole cropped cereal and the grain yield-based partial
cereal land equivalent ratio which is indeed the yield loss
compared with the sole crop (Fig. 15).

Gooding et al. (2007) confirmed by Bedoussac and Justes
(2010a, 2010b) explained that the intercropping effect on
grain protein concentration of wheat was due to a higher soil
N availability for the cereal on a per plant or a per grain basis
in intercrop in comparison with sole crops. It was shown to be
the result of: (i) the low competitiveness of legumes for
mineral N compared with cereals, combined with (ii) compe-
tition for light, water and other nutrients, between the two
species, which lead to limit intercropped cereal biomass and

Estimation of cereal grain
protein concentration

Estimated intercrop cereal grain

protein concentration (% DW)
16 1

141
121

10

6 8 10 12 14 16
Observed intercrop cereal grain protein
concentration (% DW)

Fig. 15 Estimated intercropped cereal grain protein concentration (GPC)
as a function of observed values (y=0.82x+2.05; R?=0.82%%%)
considering the linear model: GPCcerear-intercrop =@ * GPCercal-sole crop™
b*xLERyie1d.cereat ¢ With a=0.90, b=-3.35, ¢=4.56, RMSE=0.73 % and
bias=0.00 %. Colour symbols refers to the cereal (red soft wheat, blue
hard wheat and green barley). Symbol brightness indicates the legume
component (dark faba bean and clear pea). Symbol shape corresponds to
the experimental site (circle South of France, diamond West of France and
square Denmark). N=56. This figure shows that one can estimate the
protein concentration of the intercropped cereal quite well from both the
protein concentration of the sole cropped cereal representing the genotype
response to environmental conditions and the grain yield-based partial
cereal land equivalent ratio which is indeed the yield loss compared with
the sole crop
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yield. Indeed, a reduced yield of the cereal in intercrop com-
pared to the sole crop can lead to an increase in the quantity of
available nitrogen per kilogram of grain produced by the
intercropped cereal only if the total quantity of available
nitrogen is not reduced by the intercropped legume N uptake
in the same proportion as the cereal yield. In fact, from a
simplified theoretical scheme, one can demonstrate that the
quantity of available nitrogen per kilogram of grain for the
intercropped cereal (NminCereal—Intercrop/ YieldCereal—Intercrop) is
greater than that of the pure cereal (Nmincereal-sole crop/
Yieldcereal-sole crop) 1S €quivalent to:

M)

I JHliIlCereal Sole cro X ( 1 -
= iy S 73 :1
161 Cereal-Sole crop

> NdeOllLegume-Imercrop

where Ndfsoil; ¢gume-Intercrop 18 the nitrogen derived from the
soil accumulated in the shoots of the intercropped legume.
On average for all the available data (N=58), we find
YieldCereal—Sole crop=0~29 kg m—Z and YvieldCereal—Intercrop=
0.20 kg m 2 and the total available nitrogen can be estimated
on average to 10.7 ¢ N'm 2 (6.3 g N m 2 accumulated by the
sole crops cereal to which is added 4.4 g N m 2 of the nitrogen
residue at harvest on average). Then:

YleldCereal—Intercrop )

I ]HlinCereal—Sole Croj X (1
P 3/ ]’eld
Cereal-Sole crop

0.20 _ -
= 10.7 x (1—m>~3.3gNm

Consequently, considering all our experiments, the quanti-
ty of nitrogen available per kilogram of grain for the associ-
ated cereal will be greater than that of the sole cropped cereal
if the nitrogen accumulated in the shoots of the intercropped
legume coming from the soil is less than 3.3 g N'm 2 which is
the case in our experiments. Indeed, 27 % of the nitrogen
accumulated in the shoots of the intercropped legume came
from the soil (Fig. 10a) representing on average only
19gNm™>

However, this might only be part of the explanation. Sev-
eral authors, using '°N labelling methods and root compart-
ment techniques (e.g. Khan et al. 2002a, 2002b; Mayer et al.
2003), have shown the effects of the legume on facilitating the
acquisition of nitrogen by the cereal (Stern 1993; Jensen
1996b; Xiao et al. 2004; Chalk et al. 2014) and the transfer
of nitrogen from the legume to the cereal. These exchanges are
explained by the production by the legume roots of relatively
labile nitrogen-rich exudates in the form of NH, " (Brophy and
Heichel 1989), NO; (Wacquant et al. 1989), amino acids
(Paynel et al. 2001, 2008; Lesuffleur et al. 2013) or
decomposing plant parts (Johansen and Jensen 1996; Fustec
et al. 2010).
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These root deposits can represent up to 30 % of the N plant
for a field pea (Mahieu 2007). A part of these root deposits can
be used by the associated cereal or by the legume itself either
directly or after bio-transformation by the soil microbial bio-
mass (Fustec et al. 2010) and can contribute up to 50 % of the
nitrogen absorbed by the graminaceous in perennial intercrops
of ryegrass and white clover (Hogh-Jensen and Schjoerring
2001). Conversely, in annual barley/peas intercrops, these
transfers represent only up to 19 % (Jensen 1996b) because
legume root deposits are not totally mineralized during the N
acquisition by the cereal. The amount of N exchanged be-
tween plants is higher when soil mineral N is low and when
roots are intermingled (Jensen 1996a; Xiao et al. 2004; Fustec
et al. 2014). In addition, within the growth time of annual
intercrops, net transfer from the legume to the companion crop
has been found negligible because of the amount of N trans-
ferred from the companion crop to the legume (Jamont et al.
2013; Fustec et al. 2014). Finally, while legume root deposits
may be a significant source of N to intercropped cereal at low
rates of N-fertilization, they are regarded as small in high
fertilized systems including organic farming in view of the
high total quantity of nitrogen available.

The second hypothesis, which does not exclude the first, is
based upon a better fit of the nitrogen availability to the cereal
requirements depending on the developmental stage and the
yield level. Consequently, only a change in the availability of
nitrogen at a stage when the crop requirements are high could
reduce the nitrogen deficiency of the intercropped cereal as
compared with the sole crop and thus improve its quality and
relative yield. This support the previous explanation that the
effect of intercropping is small or absent when large soil
mineral N is available. Again, intercropping shows its greatest
potentials in systems with low nitrogen availability, where the
equilibrium between fixation and absorption of soil mineral
nitrogen by the two species allows an adjustment of the avail-
ability to the needs (Fujita et al. 1992; Tofinga et al. 1993;
Hauggaard-Nielsen et al. 2001a, 2001b; Corre-Hellou et al.
2006; Naudin et al. 2010; Hauggaard-Nielsen et al. 2003).

In general, it can be difficult to specifically increase the
protein content of, for example, wheat grown as sole crop with
high rates of top-dressed applications of fertilizer N. Increased
applications of N will often result in a greater accumulation of
dry matter and the increased N uptake may mostly be ‘diluted’
in enhanced vegetative biomass and grain yield without nec-
essarily being translated into improved grain protein content
(Lemaire and Gastal 1997). Thus, in cereal-legume intercrops,
the increased N availability for the cereal in conjunction with
the competition with the legume for factors such as light and
water are likely to result in a relatively larger increase in wheat
protein content than dry matter production. In that way, such
intra- and inter-plant competitive interactions induce physio-
logical responses in the component crops which have the
potential to change grain quality parameters.



Ecological principles increasing the productivity of intercrops

927

Partial conclusions from ‘section 4’:

« LER is negatively correlated both with mean yield of
the sole crops and soil mineral nitrogen availability,
confirming that intercrops are particularly suited to
low-nitrogen-input systems and could be a more suit-
able way to obtain high and stable yields in such
situations.

* The improvement in the protein concentration of cereal
in intercrop is the result of: (i) the low competitiveness
of legumes for mineral N combined with (ii) the lower
intercropped cereal yield compared with the sole crop
(0.19 and 0.29 kg m 2, respectively).

5 Designing appropriate crop management systems
and crop rotations

5.1 General principles

Designing crop management systems—the logical and se-
quentially arranged techniques applied on a farm field to
achieve a given production objective (Sebillotte 1974)—is
much the same for intercrops and sole crops except that the
choices have to be made for several crops instead of just one.
The choices of species, varieties, plant densities and patterns,
and nitrogen fertilization levels are regarded as the determin-
ing factors of the performance and functioning of intercrops.
Interactions between these various factors in relation to the
production objective make generalizations rather difficult.
However, two general rules can be defined as follows: (i)
improve use of light energy and (ii) improve use of nitrogen
sources. As mentioned earlier, interspecific interactions are in
most cases controlled by the spatial and temporal complemen-
tarity between the intercropped components—especially soil
mineral N acquisition by the cereal and atmospheric N, fixa-
tion by the legume. With respect to light, the dominant species
should have a shoot architecture and biomass production
which allows a reasonable amount of light below its canopy,
which boils down to the choice of species, varieties and
nitrogen availability (Berntsen et al. 2004; Jahansooz et al.
2007). In most situations, the cereal is the dominant species
based on biomass production because of its earliness, its
height relative to that of the legumes and its ability to produce
tillers. The opposite can also be true like for durum wheat/
winter faba bean intercrops (Bedoussac 2009). Consequently,
one would favour a short-strawed hard wheat variety to inter-
crop with short or low competitive legumes and a long-
strawed one for mixtures with tall legumes like faba beans.
Moreover, with the objective of improving the protein con-
centration for the cereal, one would look for a cereal variety
with good sole crop technological characteristics such as grain

protein concentration or vitreousness, but at the same time
with sufficient sensitivity to legume interspecific competition
to reduce its yield.

It is important to notice that most selection programmes are
based on sole cropping systems which are quite intensive in
terms of synthetic inputs (Davis and Woolley 1993; Nelson
and Robichaux 1997; O’Leary and Smith 1999) and these
same varieties are often used in intercrops. However, Carr
et al. (1998) have shown that the forage yields of barley/peas
or oats/peas intercrops were higher when the varieties of
cereals used had been selected in multi-species stands rather
than in intraspecific mixtures using varieties arising from
selection in sole crop stands. Thus, the identification of the
species and varietal traits suited to intercropping and more
generally for low-input systems and organic farming is there-
fore an important issue and will necessitate reviewing the
varietal selection criteria: those used for sole crops are prob-
ably not ideal for intercrops and especially for organic farming
systems.

5.2 Designing crop management according to production
objectives

Adoption of intercropping strategies might be motivated by
several production objectives. As discussed by Naudin et al.
(2010), one might wish to improve the quality of the cereal by
maximizing the availability of soil mineral nitrogen for the
cereal by increasing the symbiotic fixation rate of the legume.
To do this, one would favour an early-developing cereal to
rapidly deplete the mineral nitrogen pool available to the
legume. For the legume, one would choose species and vari-
eties with a root development able to cover its early nitrogen
needs, including an early start of N, fixation. In other situa-
tions, the objective could be to use intercrops for producing
legumes, which is a major issue in Europe where 70 % of the
plant protein requirements are imported (2011-2012 data,
PROLEA 2013) and particularly important in organic farm-
ing, both to satisfy requirements for human food and to
manufacture balanced animal feeds. Moreover, it is sometimes
difficult to obtain satisfactory yields in organic farming, nota-
bly in the case of winter peas because of: (i) their inability to
compete with weeds; (ii) diseases such as pea blight which
cause lodging at maturity, hindering harvest, and (iii) pests
such as aphids and pea weevils. In this case, one would choose
high legume densities close to those of sole cropping and
lower densities for companion cereal altogether with the ab-
sence of N fertilization. The main role for the cereal in such
intercrop is to reduce weed pressure and the spread of diseases
and pests by the physical barrier effect and, in the case of peas,
to provide mechanical support to avoid lodging. However,
intercrops evaluation should not only be considered in terms
of crop management practices but also include the pluri-
annual cropping system. Issues such as integration of
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intercrops within traditional rotations and their subsequent
crop effects, minimum time of return between two intercrops
need to be clarified. For instance if the intercrops can signif-
icantly reduce the pest and disease pressure, it may be possible
to shorten the return times compared with sole crops, though
probably not drastically. It is also reasonable to imagine the
succession of different cereal/grain legume intercrops, whose
possible combinations are numerous, and for the more south-
erly climates of Europe to consider summer crops, €.g. sun-
flower/soya.

5.3 Densities, spatial structure and nitrogen fertilization

In the case of pure stands, the response to plant density is
generally well known, but this is not the case for intercrops.
Most authors carry out experiments by sowing each species at
a density half of that of the sole crops in a replacement design.
However, as it has been shown for maize/bean (Phaseolus
vulgaris L.) mixtures (Willey and Osiru 1972 and others), the
optimal total density in the intercrops can be greater than that
of each of the pure crops because of the complementarity
between species. Higher plant density increases the competi-
tion between the components of the mixture which, as Willey
(1979a) noted, tends to favour the dominant species. For
example, Hauggaard-Nielsen et al. (2006) observed that at
low and recommended density the proportions of pea and
barley in the final grain yield was not markedly different from
the expected proportions sown while at high density, the
suppression of barley strongly increased the proportion of
pea in the final grain yield. Consequently, one would fa-
vour—compared with a sowing density of 50 % of that in
sole cropping—an increase in the density of the dominated
species and/or a reduction of that of the dominant species in
additive design. For example, Bedoussac (2009) has shown
that in mixtures with durum wheat, the density of peas could
be the same as that of the pure crop, whereas that of faba beans
should be fairly low if one wishes to have a proportion of
cereal grain in the intercrop of about 50 %.

Apart from species, varieties and densities, the spatial
structure of intercrops, e.g. mixtures within the row or as
alternate rows or strips of varying width, do modify the
distribution of radiation, water and nutrients. In the case of
maize/pigeon pea (Cajanus cajan L.) mixtures, Dalal (1974)
showed that the yield of maize was reduced when both species
were mixed within the same row compared with being grown
in alternate rows. Mohta and De (1980) showed for maize/
soya and sorghum/soya mixtures that the maize and sorghum
yields were similar for 1x1 (1 rowx1 row) and 2x2 inter-
crops, whereas the soya yield was higher in the 2 x 2 situations.
Chen et al. (2003) showed for barley/pea intercrops that the
yield of the peas in 4 x4 mixtures was higher than that in 2 x2
mixtures and higher than in mixtures within the row. The
converse applied to the barley. Consequently, densities should
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be chosen according to the spatial arrangement of the species
and vice versa, depending on the production objectives.

Complementarity between intercropped cereals and le-
gumes strongly depends on the availability of nitrogen and
thus on organic nitrogen fertilization. In fact, high N avail-
ability tends to reduce the yield of the legume to the benefit of
the cereal as shown on various intercrop mixtures
(Hauggaard-Nielsen and Jensen 2001; Bedoussac and Justes
2010a; Naudin et al. 2010). From a dynamic point of view,
increased availability of nitrogen in early growth stages will
result in: (i) reduced amount of nitrogen fixed, (ii) reduced
legume yield and (iii) a corresponding increased cereal yield.
Naudin et al. (2010) showed that mineral N fertilization ap-
plied after the beginning of pea flowering stops its symbiotic
fixation activity compared to the unfertilized treatment. Then,
late availability of nitrogen will have little or no effect on the
nitrogen nutrition of the legume and then on its yield but will
improve the protein concentration of the cereal. However,
unlike mineral nitrogen which is immediately available, or-
ganic manures such as animal manure or green manuring
undergo mineralization meaning that in organic farming, one
has to manage nitrogen fertilization from manure by including
the dynamics of mineralization. Consequently, for organic
manures characterized by slow dynamics of N-mineralization,
e.g. cattle or green manure with high carbon/nitrogen ratio,
only early applications can have an effect on the behaviour of
the intercrop and in particular on the proportion of the two
species at harvest.

Partial conclusions from ‘section 5’:

* The adoption of intercropping strategies might be mo-
tivated by several production objectives; nevertheless,
the choices of species, varieties, plant densities or ni-
trogen fertilization levels determine greatly the perfor-
mance of intercrops that make generalization of opti-
mized combinations rather difficult.

* In most situations, the cereal is the dominant species
based on biomass production because of its earliness
for initial growth; this advantage is increased by high-N
availability and it is then recommended to limit nitro-
gen supply at early stages to improve balanced com-
plementarity between intercropped cereals and
legumes.

6 Economic benefits and variability of intercropping

Crop rotation, soil fertility, nitrate levels, quality requirements
that crops may have to meet in animal fodder and/or human
food are factors influencing crop preference by farmers. Fur-
thermore, farmers are increasingly prone to fluctuating
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commodity prices depending on the availability of a market
which makes the cropping system management difficult. In
particular, the potential economic advantage of intercrops
depends on the selling prices of the crops and on the differ-
ential between cereal and legume, which is a difficult figure to
obtain when prices are volatile. In general, we observe that the
sale price of organic grain legumes is higher than that of
standard-quality wheat and comparable with that of high-
quality wheat. From our data, we calculated the gross product
of'sole crops and intercrops considering selling prices of 260€
Mg ! for hard wheat, 270€ Mg for soft wheat, 240€ Mg '
for barley, 350€ Mg 'for faba bean and 350€ Mg for pea.

We also integrated a premium depending on the quality of
the intercropped cereal in order to take into account the greater
economic value of cereal grains according to higher grain
protein concentration. As an example, the selling price of hard
wheat increased by 90€Mg ' when the grain protein concen-
tration is higher than 13.5 % for a basic price of 260€Mg .
This large gain was also and largely due to the non-
vitreousness content which was invariably below 25 %, a
threshold required by the processors of grain into semolina
and pastries. Similarly, the selling price of soft wheat in-
creased by 60€Mg ' when the grain protein concentration is
higher than 11.5 % for a basic price of 2706 Mg . Focusing
on soft wheat/faba bean intercrops, Gooding et al. (2007)
included sites and seasons for five different regions across
Europe and showed that increases in crude protein concentra-
tion in the wheat of 10 g kg " associated with 25-30 % yield
reduction of the wheat in IC could be of economic benefit
when selling wheat for bread making, but only if the bean crop
is also effectively marketed (Gooding et al. 2007).

We finally considered the following costs to calculate the
gross margin: (i) 40€ha' for sowing (80€ha ' for IC with
faba bean because of a second pass), (ii) 100€ha " for seeds in
all treatments and proportionally higher for IC with a relative
density greater than one, (iii) 80€ha ' for harvest and (iv) 30€
Mg " for intercropping sorting out except for IC with barley
considering a direct commercialization for animal feeding. No
fertilization cost was integrated considering that fertilized
treatments manure was produced on the farm.

From the micro-economic point of view, there is an
economic advantage of intercropping in organic farming
due to the increase in total grain yields in intercrops as
compared to the respective sole crops even if this advan-
tage could be modulated according to the relative prices of
the two crops. On average, the whole IC gross margin was
higher than that of the mean sole crops (702 versus 577€
ha™'; Fig. 16a) and this advantage was found in 80 % of the
treatments. This advantage is also observed (in 71 % of the
treatments) when comparing to the cereal sole crops gross
margin (520€ha”"; Fig. 16b) and in 70 % of the treatments
when comparing to the legume sole crops (634€ha ';
Fig. 16¢). It is important to notice that the advantage is

increased for years where one of sole crops had low yields
like, e.g. in 2009, for winter peas (0.05 kg m > on average).
Our data underlined that the variability in gross margin is
lower for the intercrops than for the sole crops legume
(standard deviation of 335€ha ' compared to 493€ha ")
but higher than that of the sole crops cereal (246€ha ") and
slightly higher than that of the mean sole crops (302€
ha™'). Then, while intercropping might in some years per-
form an intermediate net income for the farmer compared
to the sole crops, it is regarded as a better safeguard.
Particularly, this is remarkable when comparing the inter-
crop gross margin with that of the grain legume sole
cropping which are instable and then less favoured in
organic crop rotations.

However, after combined harvesting, the intercropped
crops need to be sorted correctly. In fact, the effectiveness
of the sorting of the grains from the intercrop will deter-
mine whether the harvest can be sold for direct human
consumption and thus at a potentially higher price than
for animal consumption. The main obstacle to the devel-
opment of intercrops for the companies collecting and
storing seeds is their capacity for sorting large volumes
efficiently, quickly and cheaply. This practical question
thus poses various difficulties not only in terms of choice
of machinery and its adjustment but also from the logistic
point of view of the companies collecting and storing
seeds. Indeed, their organizational structure can play the
role of a self-reinforcement mechanism that reduces the
incentives to adopt new practices (Fares et al. 2012). From
the purely technical point of view, it seems possible to
correctly separate the grains of the two species provided
that they differ in size and shape and/or to accept having an
inseparable fraction of legume-cereal grains. It is also
important to ensure that the mixture does not contain too
many broken grains, which depends on harvesting condi-
tions and adjustments of the combine harvester. Hence,
when growing intercrops, it is preferable to use species
and varieties having similar maturity dates and combine
harvester adjustments suitable for the more fragile species
such as gentle threshing and/or using an axial combine
harvester at the risk of losing some grain of the other
species altogether with a cereal easy to thresh. Using
intercropping on farm to produce animal feed seems less
problematic as it is possible either to sort the grain crudely
or else to correct the diet by adding to the harvested
mixture one or other of the two species.

Partial conclusions from ‘section 6’:

* The effectiveness of the grain sorting after harvest will
determine whether the grain from intercrop can be sold
at a potentially high price; this then represents the main
obstacle to the development of intercrops for the com-
panies collecting and storing seeds in terms of
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Total intercrop gross margin compared <« Fig. 16 Intercrop (IC) gross margin (considering a premium on IC cereal

to that of sole crops

a) Total intercrop
gross margin (€ hal)
2000 1

1500
1000

500

0

500 ‘]

price proportional to the ratio between grain protein concentration in
intercrop and sole crop, an additive seeds cost for intercrops with
relative density higher than one, a second sowing pass cost for
intercrops with faba bean and a sorting out cost except for intercrops
with barley) as a function of a (y=0.93x+166.12; R?=0.70***) mean sole
crops gross margin, b (y=0.68x+350.09; R*=0.25%**) sole crop cereal
gross margin and ¢ (y=0.53x+365.83; R*=0.61***) sole crop legume
gross margin. Colour symbols refers to the cereal (red soft wheat, blue
hard wheat and green barley). Symbol brightness indicates the legume
component (dark faba bean and clear pea). Symbol shape corresponds to
the experimental site (circle South of France, diamond West of France and
square Denmark). N=56. Note that on average, the whole IC gross
margin was a higher than that of the mean sole crops in 80 % of the
treatments (702 versus 577€ha ') and this advantage is also observed in
70 % of the treatments when comparing to b the cereal sole crops (520€
ha ') or ¢ the legume sole crops (634€ha ). It is also important to notice
that while intercropping might in some years perform with an
intermediate net income for the farmer compared to the sole crops, it is
regarded as a better safeguard. Thus, the advantage is particularly
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(€ hat) with that of the grain legume sole crops which are instable and then less
favoured in organic crop rotations
b Total intercrop
gross margin (€ hal)
2000 . p machinery and logistic.
’ * Considering the hypothesis that grain from intercrops
1500 can be sorted, its gross margin is higher than that of the
mean sole crops in 80 % of our treatments (702 versus
577€ha "); thus, intercropping might be regarded as a
1000 better safeguard particularly for years where one of sole
crops has low yields.
500
0 r )
7 Conclusion and perspectives
500 .
500 0O 500 1000 1500 2000 We have shown that intercrops present numerous advantages

Sole crop cereal gross margin
(€ ha'?)

C) Total intercrop
gross margin (€ ha?)

and appear to be a useful agronomic solution for arable
cropping. However, it is difficult to propose fundamentally
based and generic crop technical strategies because of the
multitude of possible production objectives and hence of
combinations of species, varieties, densities, structure and

2000 organic manure strategies. This shows the limitations of ex-
periments and the value of modelling multi-species cropping
1500 systems (Brisson et al. 2004; Corre-Hellou et al. 2009; Launay
et al. 2009). In fact, for a given production objective, model-
1000 ling would allow the following: (i) the performance and
behaviour of intercrops to be evaluated under a wide range
500 of conditions, (ii) to help with the determination of varietal
characteristics suited to intercropping (Barillot et al. 2012,
2014a, 2014b), (iii) to optimize the crop technical protocols
0 according to multiple criteria and (iv) to devise a decision-aid
model. However, this requires further mechanistic understand-

500 -

-500 0 500 1000 1500 2000

Sole crop legume gross margin
(€ ha)
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ing of the behaviour of multi-species cropping systems and to
integrate this knowledge into current crop models or to devel-
op new ones to correctly represent the inter and intraspecific
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competition (Launay et al. 2009). Such dedicated
intercropping systems are not restricted to cereal/grain legume
mixtures, so it would certainly be appropriate to establish
linkages with other strategies such as perennial grasslands
and agroforestry by sharing knowledge and tools to create a
generic model of the behaviour of multi-species canopies.

As a final remark, it is important to emphasize that the
development of intercrops cannot take place without the as-
sent and collaboration of all the actors in the value chain
because the low degree of integration of the supply chain
can be viewed as a lock-in mechanism (Fares et al. 2012)
with, in particular: (i) the farmers who need technical support
since the new generation of farmers may not possess the
know-how to grow arable crops as intercrops and organically;
(i1) the companies collecting and storing seeds which will
have to adapt their collecting, sorting and storage equipment
to satisfy the processors’ quality demands; (iii) the industrials
to adapt food processing; (iv) the breeders expected to select
varieties suited to intercropping; (v) the technical institutions
which must acquire and transfer operational knowledge, (vi)
the researchers to produce cognitive know-how on the multi-
ple mechanisms in play and (vii) the national and European
authorities to consider relevant policy and subsidies to help
reintroducing these cropping strategies.
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