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Abstract The study of natural ecosystems and experiments
using mixtures of plant species demonstrates that both species
and genetic diversity generally promote ecosystem function-
ing. Therefore, mixing crop varieties is a promising alternative
practice to transform modern high-input agriculture that is
associated with a drastic reduction of within-field crop genetic
diversity and is widely recognized as unsustainable. Here, we
review the effects of mixtures of varieties on ecosystem func-
tioning, and their underlying ecological mechanisms, as stud-
ied in ecology and agronomy, and outline how this knowledge
can help designing more efficient mixtures. We recommend
the development of two complementary strategies to optimize
variety mixtures by fostering the ecological mechanisms lead-
ing to a positive relationship between biodiversity and
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ecosystem functioning and its stability through time, i.e., sam-
pling and complementarity effects. (1) In the “trait-blind” ap-
proach, the design of high-performance mixtures is based on
estimations of the mixing abilities of varieties. While this ap-
proach is operational because it does not require detailed trait
knowledge, it relies on heavy experimental designs to evaluate
mixing ability. (2) The trait-based approach is particularly
efficient to design mixtures of varieties to provide particular
baskets of services but requires building databases of traits for
crop varieties and documenting the relations between traits
and services. The performance of mixtures requires eventually
to be evaluated in real economic, social, and agronomic con-
texts. We conclude that the need of a multifunctional low-
input agriculture strongly increases the attractiveness of mix-
tures but that new breeding approaches are required to create
varieties with higher mixing abilities, to foster complementar-
ity and selection effects through an increase in the variance of
relevant traits and to explore new combinations of trait values.

Keywords Biodiversity - Mixtures of varieties - Sampling
effect - Complementarity effect - Crop breeding - Crop traits -
Multifunctional agriculture - Mixing ability
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1 Introduction

It is widely recognized in ecology that biodiversity can strong-
ly influence ecosystem functioning. Typically, many experi-
ments have manipulated species richness in experimental
plant communities (usually grassland communities) and
shown that primary production and total plant biomass gener-
ally increase with species richness (Hector et al. 2010; Hector
etal. 1999; Scherber et al. 2010; Tilman et al. 1996). Some of
these experiments have also documented a decrease in the
variability of ecosystem production with species richness
(Gross et al. 2014; Hector et al. 2010). Furthermore, several
studies have shown that species richness may also influence
the way plant communities respond to global environmental
changes (Reich et al. 2004) or disturbances (Tilman and
Downing 1994). Though most previous studies focused on
species richness, significant genetic diversity exists within
plant species (Cianciaruso et al. 2009) and has now been
shown to play an important role for ecosystem functioning
(Hughes et al. 2008). For example, litter decomposition de-
pends on the genotypic richness of cottonwoods (Schweitzer
et al. 2005). Plant genetic diversity is also known to influence
the presence and abundance of organisms such as soil organ-
isms, aboveground predators, or herbivores (Chateil et al.
2013; Johnson et al. 2006; Parker et al. 2010; Wimp et al.
2004), which in turn likely influences plant populations.
Plant genetic diversity can ultimately influence plant produc-
tivity (Cook-Patton et al. 2011; Kotowska et al. 2010) and
resistance to disturbances (Hughes and Stachowicz 2004;
Parker et al. 2010).
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Despite the potential benefits of biodiversity, agriculture
has historically and progressively reduced species richness
and genetic diversity within species to increase yields under
high-input conditions. Twenty major crops (from a total of
2500 domesticated plant species) currently cover 44% of ara-
ble land (Leff 2004). Within-field biodiversity is now usually
reduced to one genetically homogeneous cultivated species
and the number of cultivated species and varieties is likely
to have decreased both at the regional and global scales
(Bonnin et al. 2014; @stergard et al. 2009). FAO (2010) esti-
mates that 75% of crop diversity has been lost between 1900
and 2000. This decrease is tightly linked to the selection of
improved varieties adapted to intensive agricultural practices
(Loeuille et al. 2013; Tester and Langridge 2010).
Nevertheless, it is more and more recognized that current
high-input agricultural practices are not sustainable (Foley
etal. 2011; Tilman et al. 2002) because they are based on huge
amounts of artificial inputs (mostly fertilizers and pesticides),
irrigation, and practices that tend to degrade soil fertility and
the functioning of non-cultivated ecosystems. In particular, it
has been shown that increasing, or even maintaining, crop
yields becomes more difficult with extreme climate events
and the need to decrease fertilizer use, as demonstrated for
wheat in France over the 1950-2010 period (Brisson et al.
2010).

Alternative more sustainable agricultural systems thus need
to be developed especially in the present climate change con-
text (Howden et al. 2007). A general idea, in the line of agro-
ecology, ecological engineering, or nature-based solutions
(Altieri 1989; Barot et al. 2012; Eggermont et al. 2015;
Malézieux 2011), is to increase the biodiversity of cultivated
systems to mimic, to a certain extent, natural ecosystems and
hopefully benefit from this biodiversity in terms of yield, sta-
bility, or sustainability (Altieri 1999; Gaba et al. 2015;
Ostergard et al. 2009). This approach can be developed in
different ways that have often already been explored empiri-
cally in traditional agricultural systems, e.g., cover crops, as-
sociated crops, agro-forestry, complex crop rotations, mix-
tures of varieties, and on-farm management of genetic diver-
sity. Indeed, traditional practices tend to maintain a higher
genetic diversity than modern high-input agriculture (Jarvis
et al. 2008). Such practices remain grounded in empirical
knowledge and their actual effectiveness has not been thor-
oughly scientifically tested, so that they remain largely under-
used in modern agriculture. Research should thus be under-
taken to better understand the mechanisms through which
plant diversity and, especially, within-field genetic diversity
may be beneficial in cropping systems.

Here, we analyze how ecological knowledge can help op-
timize a specific practice that has been rekindled by sustain-
ability concerns, i.e., variety mixtures, by predicting its effects
on the functioning of agro-ecosystems and by designing effi-
cient mixtures increasing or stabilizing yields and providing
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other ecosystem services. Ecosystem services are the benefits
provided by ecosystem to humans. Obviously, the first service
provided by agro-ecosystems is the provision of food, but we
use here the notion of ecosystem service to emphasize that
agro-ecosystems can provide other services, e.g., carbon stor-
age, regulation of green-house gases, maintenance of soil fer-
tility.... Our general rationale follows four steps: (1) We list
ecological mechanisms through which mixtures of varieties
could be beneficial in terms of yield and ecosystem services.
To do so, we summarize the knowledge gained from ecolog-
ical experiments manipulating plant species or genetic diver-
sity. Then, we use this knowledge to describe how mixtures of
varieties could be designed. (2) We explain how the assess-
ment of the mixing ability of varieties can be used to choose
varieties to be included in a mixture. (3) We present how
ecology uses plant traits, measured under standardized condi-
tions, to predict the effects of these plants on ecosystem func-
tioning and advocate that it could be possible to use the same
approach to design mixtures of varieties with high yields or
leading to the provision of particular baskets of services. (4)
Finally, we highlight that the development of mixtures of va-
rieties in agriculture cannot only rely on ecological results
obtained in natural ecosystems, raising the particular con-
straints and opportunities associated with agriculture for the
development of efficient mixtures. The ideas we develop are
potentially relevant for the mixtures of varieties in any type of
crop (vegetables, fruit trees, cereals...) but we mainly focus
on small grain cereals for which more results are available

(Fig. 1).

2 Ecological mechanisms that would lead to positive
impacts of mixtures of varieties

2.1 Links between species diversity and ecosystem
functioning

The impact of biodiversity on ecosystem functioning has ex-
tensively been studied through manipulations of species rich-
ness. This has led to a wealth of experimental studies and a
comprehensive general framework, most of which can also be
transposed to within-species genetic diversity, which is our
focus here. Positive effects of species richness on ecosystem
functioning (especially biomass production, we hereafter use
the term production for biomass production in natural
ecosystems and for the yield in agro-ecosystems) have been
shown to arise due to two types of mechanisms (Loreau and
Hector 2001) that can be disentangled through a variance
partitioning approach (Loreau 1998): sampling effects and
complementarity between species. Sampling effects (Fig. 2,
left) arise because communities with more species are more
likely to host species that perform the best in a given environ-
ment. This requires that the more productive species dominate
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Fig.1 Photos of experimental plots of mixtures of bread wheat separated
by a border of triticale

the community in terms of biomass or space occupancy, so
that sampling effects are also called selection effects.
Sampling effects lead to overyielding, i.e., on average diverse
communities are more productive than the mean production of
monocultures. In a constant environment, knowledge on the
best performing species is enough to obtain a highly produc-
tive ecosystem. However, sampling effects occur both in
space and time because environmental conditions vary among
locations (e.g., due to soil properties) and years (e.g., due to
climate) so that the best performing species is generally not
the same across space and time. Complementarity effects
(Fig. 2, right) arise because of complementarity in the resource
use or the ecological niches of different species (e.g., for soil
mineral resources, Bessler et al. 2009; Scherer-Lorenzen et al.
2003) and/or because of facilitation between species (e.g.,
legumes providing nitrogen to non-legumes, Spehn et al.
2002). These effects may increase total ecosystem biomass
production, sometimes leading to a production higher than
that of the most productive monoculture. This is called trans-
gressive overyielding.

Both sampling and complementarity effects may lead
to an insurance effect of diversity (Fig. 2, bottom) when
examining the effect of biodiversity across time (Loreau
2000; Yachi and Loreau 1999). First, the temporal mean
of production may increase (1) through a sampling effect
because more diverse communities are more likely to host
well-performing species at any time, (2) because diverse
communities foster complementarity effects at any time.
Second, asynchrony in species response to environmental
variability due to temporal niche differentiation, which
combines a kind of temporal complementarity effect and
a sampling effect at any time, may also lead to a buffering
effect decreasing the temporal variability of the produc-
tion in more diverse communities.

All these mechanisms have been well documented in
plant communities, for which biomass production depends
on the number of species (Cardinale et al. 2003; Hector
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Fig. 2 General description of the mechanisms through which
biodiversity influences plant production. In the fop left part of the
figure, the two frames represent the total niche space. Hexagons
represent species or varieties. In the histogram, each bar represents a

et al. 2010; Hector et al. 2007; Latz et al. 2012) and
should apply to mixtures of varieties within agricultural
fields. Indeed, in all the rationales analyzing effects of
species richness, the term “species” can be replaced by
“varieties,” as soon as there is enough functional diversity
between varieties (see below). However, it is necessary to
assess which mechanisms more likely apply to mixtures
of varieties and to what extent one can expect a positive
influence of mixtures of varieties in cropping systems.
Note also that published results suggest that effects of
the number of genotypes highly depend on the considered
system. Some find significant effects of the number of
genotypes on biomass production (Cook-Patton et al.
2011; Kotowska et al. 2010), others find small
(Aanderud and Bledsoe 2009) or no effect (Fridley and
Grime 2010), others only find an effect of the number of
genotypes on the stability of biomass production (Prieto
et al. 2015).

@ Springer
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species or variety. The red horizontal lines denote the maximum
production of varieties growing in pure stands (only one species or one
variety)

2.2 Necessary conditions for positive effects of mixtures
of varieties

Positive effects of species richness on plant production rely on
functional differences between species (Diaz and Cabido
2001; Garcia-Palacios et al. 2011; Loreau 2004; Tilman
et al. 1997). If all species had exactly the same functional
characteristics, they would be functionally redundant and
mixing them would not lead to any positive effect either
through complementarity or sampling effect. Functional di-
versity should be lower with variety mixtures than with
species-rich plant communities, and mixtures should be as-
sembled using varieties that are functionally different enough.
Crop varieties may for instance differ in their timing of growth
and rooting depth (Richards 2000), but also in their resistance
to diseases (Zhu et al. 2000) and to drought (Witcombe et al.
2008), as well in their mycorrhizal dependence (Hetrick et al.
1992).
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Trade-offs between functional characteristics should also
be very influential for the effect of mixtures of varieties.
Trade-offs indeed often impede a single variety to combine
all desired functional characteristics. In particular, allocation
trade-offs imply that resources invested into one function can-
not be invested into another. For example, investment into the
root system could decrease investment into leaves or grains.
Investment of carbohydrates to sustain an efficient mycorrhi-
zal network could lead to a decrease in the allocation of car-
bohydrates to growth or to root exudates. Similarly, allocation
of resources to defenses against herbivores should also de-
crease the resources allocated to other functions such as
growth (Herms and Mattson 1992). Ecological trade-offs
(Strauss et al. 2002) may also be very influential because they
constrain the balance between various ecological interactions
such as above-belowground interactions. For example, chem-
ical defenses against herbivores might decrease the minerali-
zation activities of soil microorganisms (Grime et al. 1996) or
limit associations with mycorrhizal fungi (de Roman et al.
2011). Besides, because of these trade-offs, it is impossible
to select a generalist super-variety that could gather all the
desirable characteristics of specialist varieties. Generalist va-
rieties tend to bear costs that impede them to perform each of
their ecological functions as efficiently as specialist varieties.

2.3 Potential sampling effects in mixtures of varieties

Sampling effects triggered by mixtures of varieties would rely
on three necessary conditions to be useful in agriculture. First,
environmental conditions (climate, nutrient availability, pres-
ence and abundance of organisms facilitating or hindering
crop growth) should vary in space and time. Otherwise,
farmers could easily select the best performing variety to cul-
tivate under the prevailing environmental conditions. Second,
varieties should respond differently to these fluctuating envi-
ronmental conditions. These first two conditions are probably
easily met. Third, the varieties that are best adapted to local
conditions, and outcompete other varieties during a given
year, should be the ones that increase most the targeted func-
tion. This is generally straightforward with biomass produc-
tion (the largest or tallest plants generally outcompete other
plants), but sampling effects can be weaker, and even nega-
tive, when the biomass or competitive ability of a species/
variety are poor indicators of their ecosystem functions
(Jiang et al. 2008). In natural multi-species communities, the
dominance of the most adapted species can arise because
seeds are often produced in excess so that the most successful
species may occupy more space and use more resource than
could be predicted by their mere relative abundance during the
preceding growing season. Similarly, in these natural commu-
nities, competition could allow the best performing species to
outcompete other species and preempt a higher share of re-
sources. These mechanisms are likely mitigated in cropping

systems because varieties are sown at the optimum density to
occupy the whole space and each variety is likely to be sown
at the same density. Anyway, the best performing varieties
could have a disproportionate positive impact on yield if their
seed germinate better, and if plasticity in growth (e.g., through
tillering, root foraging, and aerial architecture) allow these
varieties to preempt more resources than other varieties, in
comparison to what could be predicted by the initial equal
sowing densities of all varieties. This should arise because of
mechanisms allowing for asymmetric competition (Weiner
1990) between plants. Results obtained in mixtures of grass-
land species confirm that plasticity and the ability to increase
the number of “modules” per individuals through tillering is a
key mechanism of positive biodiversity effects (Marquard
et al. 2009). This suggests that crops or varieties with high
tillering abilities such as most wheat varieties could benefit
more from mixtures of varieties than crops that have a much
lower ability for tillering such as maize. Finally, results ob-
tained on barley have already shown that mixing varieties may
stabilize production through a better adaptation to environ-
mental variability (Kizr et al. 2012).

2.4 Potential complementarity and facilitation effects
in mixtures of varieties

The most documented positive interaction between varieties is
a reduction of pathogen or pest impacts in mixtures of varie-
ties with contrasting resistance levels, via a facilitation-like
mechanism (Wolfe 1985, Zhu et al. 2000, Tooker et al.
2012). Within-field genetic diversity may decrease the impact
of pathogens in several ways: (1) by diluting pathogen prop-
agules that are dispersed among susceptible varieties; (2) by
blocking the spread of pathogens thanks to a barrier effect of
resistant individuals; (3) by inducing a higher genetic diversity
in the pathogen at the field scale, which may in turn induce
resistance in the crop; (4) on the longer term, by slowing the
evolutionary adaptation of the pathogen to resistant varieties,
which may reduce the need for the constant renewal of resis-
tant varieties (Loeuille et al. 2013).

Any functional difference allowing for complementarity in
resource use between varieties should allow mixtures of vari-
eties to better exploit resources such as water, mineral nutri-
ents, or light, which would in turn allow mixtures to have a
higher productivity or resistance to environmental hazards
than fields planted with a single variety. For example, differ-
ences in straw length in mixtures of barley varieties have been
shown to increase production (Kizr et al. 2012). However,
such functional mechanisms have so far been poorly docu-
mented in mixtures of varieties and most data come from
species mixtures, with many cases addressing plant architec-
ture. For example, mixing a variety with many lateral roots
with a variety with fewer lateral roots but with deeper roots,
could allow a better use of water or nutrients and fertilizers
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(Lynch and Brown 2012). This could subsequently lead to a
better resistance to drought, which is likely an important fea-
ture under climate change. In the same vein, a trade-off be-
tween scale and precision in foraging for light (canopy archi-
tecture) or nutrients (root system architecture) has been docu-
mented (Campbell et al. 1991). This suggests that mixing
varieties with the ability to track long-lasting coarse-scale
patches of resources, together with varieties with the ability
to track more-ephemeral and finer-scale patches of resources,
could be beneficial. Some examples of such complementarity
for the use of nutrients have been documented only at the
species level, either in intercropping systems (Li et al. 2014;
Postma and Lynch 2012) or in experimental grasslands
(Bessler et al. 2009; Fornara and Tilman 2009).
Furthermore, if mineral nutrients are better exploited by mix-
tures of varieties, this could also reduce several environmental
impacts, e.g., nitrate leaching into groundwater and the sub-
sequent pollution in neighboring ecosystems.

Indeed, nutrient cycling could potentially lead to facilita-
tion effects between varieties (Hajjar et al. 2008) because
many plant-mediated soil processes increase the availability
of resources that become available for any individual plant of
the stand. Plants can foster mineralization through rhizosphere
priming effect (Shahzad et al. 2015) and solubilize phospho-
rus (Hinsinger 2001). They may also inhibit nitrification,
which increases the long-term availability of nitrogen
(Boudsocq et al. 2009; Lata et al. 2004). Mineral nutrients
can also be transferred between plant individuals through the
mycorrhizal networks (Wilson et al. 2006). Through all these
mechanisms, some varieties could thus increase the availabil-
ity of nutrients for other varieties in a mixture. Again, such
effects have only been documented for inter-specific interac-
tions especially in intercropping systems (Hauggaard-Nielsen
and Jensen 2005; Li et al. 2007; Li et al. 2014) and grasslands
(Le Roux et al. 2013). Nevertheless, it has already been shown
that plant genotype strongly influences soil microbial commu-
nity (Schweitzer et al. 2008) so that microorganism-mediated
complementarity between varieties is possible.

2.5 Responses to global environmental changes
and disturbances of mixtures of varieties

Changing environmental conditions may increase the positive
effects of mixtures of varieties in terms of production and
provision of ecosystem services. First, and as specified above,
changing environmental conditions are necessary for eliciting
sampling effects. Second, some complementary effects may
appear only under specific environmental conditions, e.g., un-
der extreme climatic conditions (Callaway et al. 2002; Hautier
et al. 2014). Hence, the current context of global environmen-
tal changes and increase in the frequency and severity of ex-
treme climate events such as heat waves or drought (IPCC
2013) may reinforce the positive effects of mixtures of
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varieties. Such increased sampling and complementary effects
in a changing environment have already been documented in
plant communities. More diverse grassland communities
show greater stimulation of plant biomass in response to ele-
vated CO, and increased atmospheric N deposition than less
diverse grassland communities (Reich et al. 2004), which has
mostly been attributed to complementary effects. Similarly,
more diverse grassland communities have a higher resistance
and resilience to drought events than less diverse grasslands
(Tilman and Downing 1994). These effects have been attrib-
uted to sampling effects, diverse ecosystems being more likely
to contain some species that can maintain their growth or
biomass during a disturbance, thus compensating for negative
effects on other species. All these effects should also apply to
mixtures of varieties, thereby contributing to the adaptation of
agriculture to climate change (Howden et al. 2007).

2.6 Potential negative effects of mixtures of varieties

While mixing varieties may be beneficial in terms of produc-
tion or stabilization of production, it may also lead to negative
effects. The first risk of mixing varieties is obviously to intro-
duce varieties that have suboptimal performances (perfor-
mance being defined in the article as the overall merit of a
cropping system, which can be described by its yield and the
other ecosystem services it provides), without triggering ben-
eficial sampling and complementarity effects. Interactions be-
tween varieties could also lead to negative effects. For exam-
ple, while mixing varieties is generally expected to disfavor
pathogens (when mixing varieties with different levels of re-
sistance to pathogens) and favor pest predators, the reverse is
also possible, which would result in higher damages by path-
ogens and pests. Indeed, if beneficial organisms could be fa-
vored by mixtures (for example because a mixture can provide
a more suitable and diverse habitat through changes in canopy
architecture), pathogen and pests could also be promoted by
mixtures. Similarly, while interactions between particular va-
rieties could increase the efficiency of soil resource use (e.g.,
through a complementarity in the use of soil resources or more
efficient microbial communities involved in N and P cycling),
the reverse could also be possible (e.g., through an increase in
the intensity of competition for soil resources or less-efficient
microbial communities). Guidelines for selecting varieties to
be mixed are thus needed as well as more researches on un-
derlying ecological mechanisms.

3 How can ecology guide the design of mixtures
of varieties?

Because of potential negative effects and because triggering
sampling and complementarity effects in mixtures of varieties
requires a careful choice of varieties, criteria have to be
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developed to design mixtures. Two non-exclusive strategies
can be proposed to detect the best variety combinations (Gaba
et al. 2015): “blind screening” of a wide range of randomly
assembled varieties vs. trait-based approaches to choose inter-
esting mixtures.

3.1 Blind-screening of variety mixtures

The “trait-blind” approach, where mixtures (mainly binary
mixtures) are optimized on the basis of their observed perfor-
mances, has been subject to previous theoretical work,
through the development of the “mixing ability” concept.
The value of the mixture results from interactions between
the involved varieties described as general mixing ability
(GMA) or specific mixing ability (SMA), i.e., the mean value
of all mixtures including a given genotype, and the specific
interaction between two components, respectively. The
statistical analysis of mixing ability derives from the seminal
work of Sprague and Tatum (1942) and Griffing (1956) to
analyze single-cross performance, which has been adapted
and further developed for cultivar mixtures (as reviewed in
Dawson and Goldringer 2012; Gizlice et al. 1989). As GMA
effect reflects both the innate productive ability of a genotype
in pure stand plus, its separate ability to affect mixture re-
sponse through competition, Gizlice et al. (1989) further
partitioned GMA into two components, respectively called
genotype performing ability (GPA) and true general mixing
ability (TGMA). According to Knott and Mundt (1990), the
performance Yj; of the mixture of genotypes i and j, with
equal frequencies, in replication k can be expressed as:

Yir = p+ GPA; + GPA; + TGMA; + TGMA; + SMA;;
=+ ek

where o is the average of the trial, GPA the performance of
each variety in pure stand, TGMA the deviation of GMA (as
defined above) from the GPA, and e;; is the random residual.
Hence, partitioning GMA into GPA and TGMA can only be
achieved by using the pure stand of the components and ana-
lyzing mixing response (Gizlice et al. 1989). Note that an
important challenge is now to better understand the ecological
mechanisms behind the TGMA and the SMA and to link this
decomposition of yield to the decomposition into selection
and complementarity effects of biodiversity (Loreau and
Hector 2001). The impact of competition/compensation dur-
ing the growth of wheat mixtures and the consequences on
disease severity have for example been analytically addressed
(Finckh and Mundt 1992).

When exploring the combining ability within a set of avail-
able varieties, the main issue is to test the different possible
variety combinations. While it is problematic when consider-
ing binary mixtures (n(n-1)/2 possible combinations with n

varieties), it becomes impossible with more components in
the mixture. Predicting n-way mixture performance from the
two-way mixture performance was suggested by Knott and
Mundt (1990) and further developed by Lopez and Mundt
(2000) on the basis of the theoretical approach presented by
de Miranda-Filho (de Miranda-Filho and Chaves 1991) for
selecting composites. This procedure appeared efficient when
tested on wheat mixtures built with five club wheat cultivars
(Lopez and Mundt 2000), i.e., it predicted well the best com-
binations of varieties with a reduced number of mixtures han-
dled. Note that an advantage of this approach based on mixing
abilities is that it does not require to be able to separate the
biomass or grain production of each variety of a mixture at
harvest, contrary to the variance partitioning approach devel-
oped by Loreau (1998). On the reverse, the variance
partitioning approach but not the mixing ability approach al-
lows assessing the complementarity and sampling effects.

3.2 Towards a trait-based approach for assembling
varieties to maximize crop yield

Trait-based approaches are increasingly used in ecology to
link biodiversity to ecosystem functioning and services
(Lavorel and Garnier 2002) and could guide the design of
adequate variety mixtures to deliver single or multiple agro-
ecosystem services: each variety can be described by its func-
tional traits, which determines its impact on ecological func-
tions and ultimately the ecosystem services provided by the
variety (de Bello et al. 2010; Violle et al. 2007). Functional
traits are morphological, ecophysiological or phenological
characteristics of plant species or varieties that may influence
ecosystem or agro-ecosystem functions and ultimately the de-
livery of services.

The traditional approach of artificial selection targets a few
traits such as lodging resistance, tillering ability, and seed
mass because they are considered important for yield.
However, maximizing the values of all targeted traits is some-
times not possible because of the existence of trade-offs be-
tween traits at the individual plant level, and because a single
variety unlikely holds all the favorable trait values (Fig. 3a).
The trait-based approach can help overcome this issue and
guide the design of beneficial mixtures of varieties for maxi-
mizing yield (Fig. 3c). In this case, a pool of varieties charac-
terized for their functional traits can be chosen to maximize
the set of values for different traits relevant for yield. This can
provide novel sets of trait values within fields partly releasing
the trade-offs that exist between some traits (Fig. 3c).

Indeed, the feasibility of the trait-based approach depends
on the availability of values for a range of varieties and rele-
vant traits, which is currently a limiting factor (but see del
Pozo et al. 2014; Nakhforoosh et al. 2014) and would require
considerable efforts in agriculture (Martin et al. 2015). In ad-
dition, the types of traits to be considered and trait values to be

IN?A @ Springer

= SCIENCE & IMPACT




13 Page 8 of 20

Agron. Sustain. Dev. (2017) 37: 13

Original diversity

()}
R=
O
@ 8
O
—
a0
—_— —
© g Trade-off leading to This trait is selected for
CC> o negative correlations (‘?”d nealrlyngvariability ‘\
i IS maintaine«
E E between traits \
'8 o _ - -
o = 2 - -
=& ( '> ( '> f '>
® C
Q0
=
.0
=
w ©
o > Trade-off between some
n O traits are mitigated
O o by the mixture
5®
2=
N
=©

(%

+

Possibility of selection and
complementarity effects
due to within-field variability
in the values of each trait

Fig. 3 Comparison of the effects of different approaches on trait
variability within a field and consequences in terms of services. Each
hexagon represents a crop variety growing in pure stand or a mixture of
crop variety. Each side of the hexagon represents a different trait and
colored bars along these sides represent different trait values so that
there is only one bar along each side for pure stands and several bars
for mixtures. We assume that trait values are normalized so that higher
trait values are favorable for the targeted ecosystem service. a The
traditional breeding approach targets a limited number of traits. b

selected likely depend on agricultural practices. For instance,
under non-optimal conditions such as low nutrient availability,
specific functional traits such as the absorption capacity of
mineral N forms (nitrate vs. ammonium) by roots may become
important. Whereas agronomic trials may have identified va-
rieties performing well under these suboptimal conditions
(Wissuwa et al. 2008), the main relevant traits influencing
crop performance are most of the time not documented.

Furthermore, the trait-based approach requires high-
throughput screening of variety traits using standardized pro-
tocols as performed for plant species (Cornelissen et al. 2003;
Kattge et al. 2011; Pérez-Harguindeguy et al. 2013). Given
that trait values associated with a given variety can depend on
local abiotic and biotic conditions and agricultural practices, it
would thus be important to screen variety traits under
contrasted conditions relevant for high versus low chemical
inputs, or contrasted pedoclimatic conditions.
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Breeding might allow optimizing varieties for mixtures. ¢ Varieties can
be mixed to obtain novel sets of functional traits at the mixture scale. d
Mixing varieties that have been optimized for mixtures can allow
enhancing sampling and complementarity effects through increases in
within-field trait variability. These four approaches can be compared
both in terms of yield and ecosystem services because sampling and
complementarity effects potentially affect all ecosystem services (see
Fig. 4)

It must be added that plant growth and plant traits are
plastic so that varieties growing in mixtures are likely to
have trait values different from the trait values they would
display in single variety stands. Indeed, plasticity is well
known in agriculture (see for example Dornbusch et al.
2011) and results on inter-specific mixtures show that
inter-specific competition and the identity of neighbors
shape this plasticity (Abakumova et al. 2016; Burns and
Strauss 2012). Furthermore, plasticity could also increase
complementarity for resource exploitation (Burns and
Strauss 2012; Zhu et al. 2015). This suggests that we must
also acquire knowledge on the variability of traits and that
basing the choice of varieties to be mixed only on traits
measured in single variety stands might be misleading.
Moreover, this confirms that plasticity is likely an impor-
tant characteristic to be sought in varieties chosen for
mixtures.
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3.3 How can we guide the assemblage of varieties to deliver
baskets of services?

Modern agriculture should be more sustainable and multifunc-
tional, and able to produce a range of amenities. Innovative
agricultural practices are thus increasingly expected to provide
various ecosystem services including not only yield and grain/
fodder quality but also maintenance of soil fertility, carbon
sequestration and mitigation of climate change, disease regu-
lation and pest control, regulation of water cycle and water
purification, conservation of biodiversity, esthetic value of
landscapes for tourism, and human health (Zhang et al. 2007).

In this context, it is expected that increasing the genetic—
and ultimately functional—diversity of crops could be of par-
amount importance (Fig. 4). Indeed, ecological studies for
grasslands and forests indicate that the positive role of biodi-
versity increases when multiple ecological functions or multi-
ple services are considered (Allan et al. 2013; Gamfeldt et al.
2013; Hector and Bagchi 2007; Isbell et al. 2011; Zavaleta
et al. 2010). The key challenge is thus to design variety mix-
tures that perform well to deliver baskets of services instead of
single services.

The trait-based approach (Fig. 3) to maximize yield can be
expanded to guide the design of variety mixtures delivering
particular baskets of services (Fig. 5). The main idea is that
particular baskets of agro-ecosystem services are linked to
particular combinations of traits and trait values, i.e., sets of
traits associated with the mixtures of crop varieties. These sets
of traits could be described by the means and variances of
traits within a mixture, or more complex indexes of functional
diversity (Mouchet et al. 2010). For instance, if crop yield,
biocontrol of weeds, and resistance to phyto-pathogens are
three main services to be delivered, the main trait values in
the variety mixtures to be chosen may include relative growth
rate (RGR), precocity, soil coverage capacity, and traits related
to resistance to pathogens. Then, it might be found that to
improve the provision of these three services, a mixture must

Sum of all services
provided by the mixture

N services

4 services

3 services (e.g yield + biocontrol

of pests + maintenance of soil fertility)
2 services (e.g yield +biocontrol

of pests)

1 service (e.g yield)

Number of varieties

Fig. 4 Expected effects of the number of varieties of a mixture on the
total production of services, when a single service or several services are
considered. This figure was inspired by the results obtained for grassland
and forest species (Hector and Bagchi 2007; Isbell et al. 2011; Zavaleta
et al. 2010) that highlight the increasing importance of plant diversity
when an increasing number of services are to be delivered

A Traits of a single variety  Basket of services

Trade-off

—

Trade-off [-‘

Trade-off

C

Trade-o

B Traits of a mixture
of two varieties

The trade-off
is mmgated

Fig. 5 Trait-based approach and the delivering of baskets of services for
a single variety (a) and a mixture of varieties (b). As in Fig. 3, each
hexagon is a mixture of varieties or a single variety and bars along
hexagon sides are trait values. The combination of services provided is
determined by the combination of trait values and, in the case of a
mixture, by the combination of means and variances of trait values. a A
negative trade-off between traits that determine different agro-ecosystem
services (here yield and soil fertility) explain that fields planted with a
single variety cannot properly deliver these different services resulting in
trade-offs between services. b Mixing crop varieties can allow obtaining
new sets of traits, and some mixtures and associated trait sets can
overcome trade-offs between agro-ecosystem services

The trade-off
is mmgated

have the following: a high mean RGR and precocity, and a
high variance in soil coverage capacity and resistance to path-
ogens. In contrast, if crop yield, maintenance of soil fertility,
biocontrol of pests, and agro-biodiversity conservation are the
main services targeted, choosing varieties for mixtures should
focus on traits such as RGR, specific root length, root affinity,
and absorption capacity for ammonium and nitrate and traits
fostering the biodiversity of the targeted organisms. Variety
assemblage rules should thus be guided so as to obtain mix-
tures with favorable trait syndromes. Of course, lack of
knowledge on the range of relevant traits and trait syndromes
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needed to deliver particular baskets of services is currently a
limiting factor here. However, recent studies have initiated the
identification of plant traits important for a range of single
services, including not only yield but also soil fertility
(Cantarel et al. 2015; Laughlin 2011).

Using the existing knowledge on mechanisms involved in
positive effects of biodiversity likely helps facing this chal-
lenge. Mixtures of varieties and their traits should foster
complementarity/facilitation and sampling effects (see above)
to provide services (and not only the yield). Table 1 describes
some trait combinations that should be sought to increase the
provision of particular services through complementarity or
sampling effects. The varieties should be different enough,
which can be characterized by high variances for the relevant
traits. Sampling effects also require the compensation between
varieties in time and space. This should involve traits allowing
for plasticity (e.g., tillering ability) in growth and differences
between varieties in their responses to environmental variabil-
ity. Complementarity effects should be fostered by high vari-
ances in traits linked to the use of soil resources and light.
Possibly, high variances in some architectural traits could also
modify the structure of the crop cover and impact the micro-
climate in and below the cover. This could in turn change the
occurrence of various organisms living in the crop. If the suit-
able traits are well assembled, this could decrease the occur-
rence of some pests and increase the occurrence of organisms
feeding on pests. All these mechanisms are supported by gen-
eral rationales but still have to be documented, apart from the
positive impact of the variability in resistance to pathogens
that has been shown to reduce the impact of pathogens (see
above). However, the trait approach has already been shown
to be successful to predict biomass production or ecological
functions in mixtures of species (Cantarel et al. 2015; de Bello
et al. 2010; Quetier et al. 2007).

Interestingly, mixing varieties could help overcome some
trade-offs between agro-ecosystem services. A pool of varie-
ties can be chosen to provide novel types of trait syndromes
within crop fields, which could partly release the trade-offs
that normally exist between agro-ecosystem services when
using single varieties (Fig. 5). Future variety assembling rules
will thus have to be clear on the types of baskets of services to
be delivered.

4 Importance of the agricultural context

The knowledge acquired on experimental and natural ecosys-
tems outside the context of agriculture is not sufficient to
design high-performance mixtures because agriculture is as-
sociated with various constraints and opportunities that could
reduce or increase our ability to use mixtures in different ag-
ricultural sectors and the ultimate benefits of mixtures. First,
cropping systems impose constraints on the diversity of
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characteristics of varieties grown together and mixtures must
be suitable for crop management practices. Second, the way to
assess the performance of a mixture must be carefully thought
and likely depends on the type of agriculture. Moreover, while
ecological results on the positive impact of biodiversity have
often been obtained without comparing different environmen-
tal conditions, the diversity of agricultural practices offers a
vast field of investigation. Indeed, the impact of mixtures, as
well as the impact of different varieties in pure stands
(Murphy et al. 2007), likely tightly depends on these practices.
Third, along the selection of cultivated varieties, a huge diver-
sity of varieties has already been created with diverse charac-
teristics and this diversity may be exploited to optimize mix-
tures of varieties (see Section 3). However, it is also feasible—
and probably needed—to select new varieties that would al-
low fostering ecological mechanisms enhancing the perfor-
mance of mixtures.

4.1 Constraints and opportunities for the development
of new mixtures of existing varieties

A prerequisite for sound mixture design is to define their
specifications, i.e., build a weighted sum of targeted services
to be provided by mixtures in a given production system (ag-
ronomic, ecological, and socio-economic context). Defining
specifications for mixtures also provides their evaluation
framework and therefore corresponds to the first step of the
ideotyping exercise as revisited by (Debaeke et al. 2014). To
define those specifications, the positive and negative impacts
of using mixtures not only on management practices in the
farm but also on the harvest use must be properly described.
Selling mixtures instead of pure varieties may be a constraint
in some specialized sectors (industrial baking, brewing,
malting...) because mixtures may lead to heterogeneous grain
quality within a harvest while these sectors tend to use a lim-
ited number of varieties with some specific characteristics.
These varieties are either used in pure stands or mixed after
harvest in controlled proportions. Using mixtures (in which
the proportion of each variety at harvest is not controlled) in
those sectors is sometimes impossible and at least generates
some additional costs: grains must be sampled and analyzed to
adjust mixtures of grains. However, even if lucrative, those
sectors are generally not major ones. Indeed, during the har-
vesting period, various varieties are generally mixed in storage
silos without control on the proportions. The objective is gen-
erally to achieve minimal thresholds for some important char-
acteristics (protein content, specific weight, humidity...),
which is certainly compatible with the use of mixtures as
shown on barley for the malting quality (Newton et al. 1998;
Swanston et al. 2000) and on wheat for baking ability
(Sarandon and Sarandon 1995). Sampling effects in mixtures
of varieties (see Section 1 and Fig. 1) can also increase the risk
of including in the mixture a variety presenting a default
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affecting the whole mixture and being an obstacle to its sell-
ing. For instance, a single variety affected by sprouting gen-
erally leads to the downgrade of the mixture.

Using mixtures in a farm also interacts with crop man-
agement practices. Usual practices and tools for real time
crop management have generally been developed, studied,
and implemented on homogeneous crops corresponding to
one species and pure varieties. For instance, various tools
based on imagery and spectrum analysis have been devel-
oped for precision agriculture to improve crop treatments
and fertilization (mainly nitrogen fertilization). These
tools are generally calibrated for varieties growing in pure
stands and would require some additional studies and cal-
ibrations to be used in mixtures (Bavec and Bavec 2001;
Debacke et al. 2006). This is for example the case for the
Hydro N-tester® (Yara), commonly used to pilot nitrogen
fertilization. However, it must be noted that other tools
under development for plant nitrogen measurement pro-
mote some generic calibrations (e.g., Ecarnot et al. 2013)
that could be quite directly adaptable to mixtures.

Mixtures could also bring some important benefits to
farmers in terms of flexibility and work organization. For
instance, as diseases spread slower in a mixture than in a
pure variety due to a higher diversity of resistance sources
in the field (Zhu et al. 2000), farmers have more time to
decide whether a pesticide application is useful and, if
needed, to implement this treatment in good conditions.
For instance, fungicides must be applied in strict condi-
tions of wind, temperature, and humidity, so that the delay
allowed by mixtures may facilitate the application at a
favorable period, which can lead to a better efficiency of
the product, a possible dose reduction and finally to a
better economic and ecological balance (Finckh et al.
2000). Mixtures are also an interesting way to increase
the genetic diversity at the farm scale while also decreas-
ing the management complexity. At the farm scale, replac-
ing pure varieties by a few mixtures maintains the overall
level of genetic diversity. However, this should lead to
fewer different mixtures than the number of varieties that
were initially grown in pure stands, which increases the
efficiency of some operations such as sowing, fertiliza-
tion, and treatments. However, this reduction of the
between-field variability may be considered as risky, since
the underperformance of a mixture is all the more prob-
lematic that the area sown with this mixture is large. This
further highlights the importance of carefully designing
the rules to design variety mixtures even if higher stability
of mixtures compared to pure varieties (Finckh et al.
2000; Smithson 1996) should decrease this risk of
underperformance. Therefore, according to the production
context, using mixture may lead to additional constraints
or to more flexibility in the crop management system and
the grain selling.
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4.2 Criteria for the assessment of mixture performance

The criteria for the agronomic, socio-economic, and environ-
mental assessment of mixtures should be adapted to local
situations. In ecology and agronomy, mixtures of species or
varieties are generally assessed through their ability to per-
form better than the mean of their varieties/species in pure
stands (Kier et al. 2009). If this criterion is relevant to measure
and analyze the interactions between varieties, it is clearly not
to assess the agronomic performance of mixtures. First, com-
paring the mixture with the mean of the mixed varieties in
pure stands suggests that those pure varieties could be sown
in the same field with particular local conditions, which is not
done for practical reasons. Indeed, mixtures are also a way not
to make a choice between varieties that are thought to behave
well in a particular field. Furthermore, among the mixed vari-
eties, some would not be cultivated in pure stand (for instance
a variety sensitive to lodging that is supported by the other
varieties in a mixture or a variety sensitive to one disease that
is protected by the other varieties in a mixture). Mixture per-
formance should therefore be compared to the performance of
the pure variety that would have been chosen by the farmer in
this field. Second, the assessment criterion depends on the
motivation of the farmer to use mixtures. If a mixture is used
to simplify crop management and save time, it should not be
expected to perform better than pure varieties but only not to
do worst. In the same vein, mixtures are often adopted to
stabilize the performance and avoid unpredictable rare acci-
dents. This means that mixtures are not always expected to
perform better than pure varieties but only in some stressful
situations that may be more frequent under low-input farming
practices (see below). Finally, ecological experiments have
often shown that high diversity leads on average to a higher
production. In contrast, agriculture only requires finding a few
combinations of varieties that perform especially well. This
requirement is less constraining than the criterion used in eco-
logical experiments but highlights the needs for rules and ex-
periments to build the most performant mixtures. So far, ecol-
ogy has not elaborated a framework that would allow building
the best combinations of species or genotypes. This shows that
there is still a lot of scientific knowledge to be developed but
also suggests that the performance of mixtures could be in-
creased in the future to an extent that it is difficult to predict.
As suggested above, mixing varieties is likely to be more
beneficial if the performance of a mixture is measured through
the joint assessment of various ecosystem services and ame-
nities (including implications for management requirements
for farmers), and not only using the yield. While increasing
the yield or maintaining high yields often remains the goal of
many agricultural researches, there are more and more pres-
sures to develop a multifunctional agriculture (Renting et al.
2009) that provides food and other services such as the storage
of carbon to mitigate climate changes. Depending on the
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development of incentives and legal constraints for a multi-
functional agriculture mixing varieties might become much
more desirable.

4.3 Influence of agricultural practices

The current knowledge gained from ecological studies on the
effect of species diversity on primary production or yield sug-
gests that facilitation and functional complementarity can play
a more important role under non-optimal environmental con-
ditions (Bertness and Callaway 1994; Callaway et al. 2002;
Maestre et al. 2009). Species mixtures could perform better
when the plant cover experiences stresses such as drought
spells, pest bursts or lack of mineral nutrients (Hautier et al.
2014; Holmgren and Scheffer 2010; Hughes and Stachowicz
2004). Thus, the benefits of mixing varieties could be low
under optimal conditions (e.g., fertilized, irrigated fields with
pesticide use), where it would then be better to use the single
best variety. In contrast, for maximizing yield under non-
optimal conditions (e.g., low fertilization, irrigation, and/or
pesticides), some mixtures may perform better than the best
varieties. This point is crucial because it is difficult to predict
standard agricultural practices in 10 or 50 years. In particular,
it is difficult to predict the level of inputs that will be possible,
acceptable, or authorized in the future. For example, there are
more and more pressures to decrease the use of pesticides. The
production of nitrogen fertilizer using fossil fuels as a source
of energy releases huge amounts of CO, (Backman 1997) and
the reserves of phosphate are likely to be exhausted within less
than a century (Cordell et al. 2009). This means that it cannot
be excluded that mixtures of varieties will be much more
beneficial in the future and that we must now develop re-
searches on mixtures taking into account very diverse agricul-
tural practices and contexts. Note, however, that some results
on multi-species systems suggest that increasing species di-
versity may be profitable on more fertile soils or with fertili-
zation (He et al. 2002; Palma et al. 2007; Reich et al. 2001).
The underlying mechanism being that, in some cases, the ef-
fect of biodiversity cannot develop when not enough resource
is available. Thus, mixtures of varieties could also be
performant in intensive agriculture, provided suitable varieties
are used (this might require selecting new varieties, see be-
low). Taken together, this suggests that to conclude on this
issue specific experiments should be implemented manipulat-
ing at the same time the number of varieties and the amount of
fertilizers.

Many types of agriculture coexist worldwide and many
farmers, especially in developing countries, cannot afford in-
puts such as fertilizers and pesticides. These farmers have also
often maintained higher level of genetic diversity for their
crops than in modern high-input agriculture. This context
might provide knowledge and experiences to develop

mixtures in developed countries and opportunities to further
develop mixtures of varieties in developing countries.

4.4 New breeding strategies for mixtures of varieties

Up to now, crop breeding has been mostly oriented towards
the optimization of elite genotypes for pure stand performance
and has never considered complementarity building in a plant
cover. However, experimental evolution in grassland commu-
nities suggests that selection for niche differentiation can in-
crease biodiversity effects via increased complementarity
(Zuppinger-Dingley et al. 2014). Optimizing variety mixtures
requires developing efficient methods to improve the ability of
genotypes to combine with other genotypes when grown in a
mixed stand and therefore to rethink the breeding schemes. So
far, experiments on mixtures have used already existing vari-
eties but optimizing mixtures and fostering complementarity
and sampling effects between varieties might require combin-
ing traits that are not present in currently available varieties,
precisely because they would only be favorable in mixtures
(Fig. 3b). This means that it is difficult to fully assess the
potential benefits of mixing varieties only using currently
available varieties. This opens wide and nearly unexplored
perspectives to optimize mixtures of varieties.

How to breed for mixing ability is strongly related to the
“how to screen varieties” question developed in Section 3.
Therefore, two main and non-exclusive approaches can be
developed, i.e., “trait-based” or “trait-blind.” In the absence
of any knowledge on the link between variety traits and
mixing ability, only the “trait-blind” method is relevant.
With the full understanding of the relations between traits
and selection and complementarity effects, the trait-based ap-
proach should allow the design and the breeding of sets of
complementary ideotypes. In the most likely intermediate sit-
uation, trait knowledge can be used to select in progenies a
subset of lines that can be tested for mixing ability using “trait-
blind” approaches.

4.4.1 Trait-based selection

The general idea here is to select independently sets of varie-
ties for sets of trait combinations that have been shown to be
favorable in mixtures because they foster complementarity
and sampling effects (Fig. 3d). This could (1) enhance sam-
pling and complementarity effects in mixtures of already
existing varieties through the amplification of between-
variety variability in some traits and (2) create new sampling
and complementarity effects through the creation of between-
variety variability for traits that are rather homogeneous with
conventional breeding. In such “trait-based” approach, key
traits have been identified and trait combinations that maxi-
mize variety mixture performances have been defined (see
Section 3). Such traits can be involved in limiting
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aggressiveness regarding neighboring plants (e.g., average
plant height, erected leaves...) or in the efficient uptake of
particular nutrients. An example of complementary between
trait values is given by the case of resistance to pathogen,
where an infrequent specific resistance can contribute to
GMA (Knott and Mundt 1990). The breeding methodology
will then rely on the usual and powerful breeding schemes: (1)
identification of the best parents to cross, (2) generation of set
of recombinant lines (through selfing plants in bulk or in sin-
gle seed descent, or through double haploidization), (3) selec-
tion of lines with maximized values on targeted traits in these
progenies observed in pure stand. Depending on the complex-
ity of the trait-based mixture design (3, 4 or more specific
ideotypes to select in parallel), a same cross will be eventually
used to derive different ideotypes. As discussed above, the
specific performance of a mixture should come both from
the heterogeneity of its components for some traits (breeding
for variance) (Litrico and Violle 2015) and from the homoge-
neity of its components for other traits.

4.4.2 Trait-blind selection for mixing ability

Taking into account the ability to grow in mixture in early
generation selection (i.e., two or three generations of selfing
after crossing) requires designing trials allowing the prediction
of the mixing ability for a large series (7, usually several hun-
dreds) of inbred families using small amounts of seeds for
each entry, without growing all possible mixtures (n(n-1)/2).
Two main strategies can be considered depending on the rel-
ative importance of GMA vs SMA (see Section 3).

If GMA is large compared to SMA (such as in Gallandt
etal. 2001), the most efficient approach would be to find good
predictors of the (general) ability to grow in heterogeneous
stands for a given genotype and screen the set of entries based
on this basis. Predicting GMA in a “trait-blind” approach
would consist in assessing the average mixing ability of a
genotype when exposed to a small selected subset of geno-
types, called “testers” (borrowed from hybrid breeding), that
would be representative of a large range of possible pheno-
types. For example, n varieties could be tested against three to
five testers (37 to 5n tests of binary mixtures). The efficiency
of prediction strongly depends on the chosen testers. An alter-
native design is to grow the » varieties to be tested in single-
row plots (i.e., very small plots that are often used in early
generation breeding when few seeds are available for each
entry) where different randomly chosen genotypes are sown
in adjacent plots (Dawson and Goldringer 2012). Each entry is
therefore submitted to interactions with two different geno-
types. Three to five replications would provide 2 X 3 to
2 x 5 random interactions with different neighbors for each
tested family. It has been shown that strong between-plot com-
petition occurs within this design, which can be modeled in
terms of neighbor effects (Besag and Kempton 1986;
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Foucteau et al. 2000; Goldringer et al. 1994; Kempton
1982). The producer-competitor model (Foucteau et al.
2000; Kempton 1985) proved to be efficient in accounting
for interactions between genotypes of adjacent plots by
allowing the estimation of the producer and the competitor
effects of each genotype. Looking for genotypes with a high
producer effect (high level of production under competition
conditions) and with a high competitor effect (beneficial ef-
fects on neighbors) could allow selection for the GMA of
these genotypes (Dawson and Goldringer 2012). Although
the correlation between producer and competitor effects of
genotypes tended to be negative in the study of Foucteau
et al. (2000), several of the 40 studied bread wheat genotypes
showed both moderate to high producer and competitor ef-
fects, thus indicating possibilities for breeding. If SMA is of
the same order of magnitude than GMA (Knott and Mundt
1990), complementarity among varieties has to be assessed
extensively, which requires complex blending schemes and
large and expensive field experiments.

4.4.3 Combining trait-blind and trait-based selection

Combination of trait-blind and trait-based approaches could
allow for a better selection for both GMA and SMA. In the
“trait-based” approach, key traits can be identified and trait
combinations that maximize mixture performances can be de-
fined (see Section 3). Then, the large set of early generation
families can be screened in pure stands for these traits. This
allows the identification of a short-list of mixtures with appro-
priate combinations of trait values to be tested in field. In the
“trait-blind” approach, SMA could be selected for by identi-
fying or defining complementary groups for mixing ability.
Note that in such schemes, genotypes would be selected both
on GMA and SMA. In hybrid breeding, groups of genotypes
providing a good hybrid value when crossed among groups
and a poor value when crossed within groups (heterotic
groups) may pre-exist. Specific breeding schemes such as re-
ciprocal recurrent selection can be designed to improve both
general and specific combining ability by increasing comple-
mentarity among these groups (Comstock et al. 1949).
Complementary groups for mixing ability could be initially
defined on the basis of the complementarity of the traits iden-
tified in the “trait-based” approach or of the genetic structure
of the diversity of the populations studied and reciprocal re-
current selection for mixing ability could be carried out. Yet,
the issue of selecting for good mixtures of n varieties would
make the scheme more complex and hypothetical with possi-
bly more than two compatibility groups to handle.
Furthermore, multiple ecosystem services would also need
to be integrated in the scheme as they are elements of the
mixing value.

Traits of varieties are plastic and likely differ between va-
rieties grown in mixtures and in single variety stands. This
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shows that some mechanisms we are seeking to foster (i.e.,
complementarity effects) can only be observed in mixtures.
This is a limitation of the trait approach and emphasizes that
breeding for mixtures will also require assessing directly the
“mixture phenotype” of mixtures, at least on a relevant num-
ber of mixtures, in order to better understand and predict the
effect of trait diversity on services. A response to this issue and
an alternative to these breeding strategies could be to select
within highly diverse populations grown over time in
contrasted farming conditions, as suggested by Finckh
(2008). Allard and Adams (1969) found that an increase in
yield of all components of a mixture when grown in a mixture
compared to when grown separately in pure lines (ecological
combining ability) was rare in mixtures formed by varieties
selected as pure lines but common in mixtures of barley lines
that had been cultivated together for many generations
(Dawson and Goldringer 2012). This is consistent with grass-
land experiments, in which species grown in mixtures tend to
evolve contrasting trait values, thereby increasing biodiversity
effects through stronger complementarity effects (Zuppinger-
Dingley et al. 2014).

Finally, all these breeding schemes require original exper-
imental designs to test for the mixing ability and relevant sets
of traits, but are based on inbred-lines development, and can
therefore directly benefit from both marker-assisted selection
and genomic selection. The recent developments in genomics
should allow identifying the genomic areas that maximize
positive interactions between genotypes, in a similar way to
the hybrid breeding schemes (Xu et al. 2014; Zhang et al.
2015). Both trait-based and trait-blind approaches can be con-
sidered as « gene-blind », i.e., only based on phenotypes. This
means that beyond the trait approach, the development of
knowledge on the relations between genes of single varieties
and their traits, and ultimately between a “mixture genotype”
and a “mixture phenotype” will be required to select new
varieties for mixtures. In this way, genetic engineering could
ultimately be useful to precisely target the genes required for
mixtures (Zeller et al. 2012). This would be useful at least in
the absence of appropriate trait combination in existing varie-
ties and in case of strong linkage disequilibrium.

5 Conclusion and perspectives

Results on the consequences of genetic diversity on commu-
nities and ecosystems are now accumulating either in natural/
experimental ecosystems (Crawford et al. 2012; Crutsinger
et al. 2006; Hughes et al. 2008) or in agricultural systems
(Chateil et al. 2013; Hajjar et al. 2008; Kier et al. 2009;
Kier et al. 2012; Tooker et al. 2012; Zeller et al. 2012), and
our first conclusion is that it would be particularly interesting
to develop mixtures of varieties for a multifunctional low-
input agriculture and that selecting specifically new varieties

for mixtures would highly increase the performance of mix-
tures. These conclusions have been already reached for
intercropping (Brooker et al. 2015). However, many steps
are still required to develop mixtures of varieties on a wide
scale. These steps involve breaking through cultural, techni-
cal, and organizational barriers. They also involve
implementing new researches to bridge diverse knowledge
gaps that are listed below, and revisiting some agronomic
and socio-economic dogma for exploring what could be effi-
cient agricultural practices in a changing world characterized
by increasingly scarce energy, water, and nutrient resources.
We sum up below our recommendations in terms of research
needs.

The mechanisms behind the effects of mixtures of varieties
have so far not been systematically studied or disentangled in
detailed case studies (Hughes et al. 2008). In particular, the
relative influence of complementarity and sampling effects
has hardly been assessed (but see Drummond and Vellend
2012; Schob et al. 2015). For example, a meta-analysis of
246 experiments on wheat and barley (Kizr et al. 2009) found
a mean positive effect of mixtures on yield of 2.7% but gives
few hints on the mechanisms behind this effect. Specific ex-
periments are needed to document the precise ecological
mechanisms behind complementary and sampling effects.
Experiments are needed to analyze the possible interactions
between varieties and their outcome for other organisms (soil
microorganisms and fauna, pathogens and pests, aboveground
organisms, weeds). Other experiments are needed to test how
differences in aboveground and belowground traits may
change crop efficiency to capture resources (nutrients, water,
and light). Importantly, there are so far very few results on the
impact of mixtures of varieties on the provision of ecosystem
services beyond grain yield and the underlying mechanisms.
Indeed, both complementarity and sampling effects have ini-
tially been studied for their potential capacity to increase the
production of plant biomass and not for their impact on eco-
system services.

We lack large experiments manipulating the intra-field
number of varieties in the same way as species richness and
functional diversity have been manipulated (Hector et al.
1999; Roscher et al. 2008; Tilman et al. 1997). This would
require the implementation of many mixtures of varieties
choosing varieties within a large and functionally diverse pool
of varieties. These experiments should manipulate the number
of varieties within each mixture, the traits of these varieties
and the diversity of their traits. Such experiments would also
require monitoring comprehensively the consequences in
terms of yield, yield stability, and other ecosystem services.
In this perspective, a difficulty is that fully assessing the influ-
ence of selection and complementarity effects requires mea-
suring the biomass of each variety within a mixture (Loreau
and Hector 2001), which is much more difficult than measur-
ing the biomass of each species in a community.
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Studying the effects of mixtures of varieties involves many
interacting degrees of complexity: interactions between differ-
ent genotypes (GXG), environmental temporal and spatial
variability (E) and agricultural practices (M). An alternative
to deal with this complexity (GXGXEXM) is to rely on par-
ticipatory approaches, where decentralized experiments under
the expertise of farmers/extension services/technical advisors
can participate to a large collaborative network. Such in situ
empirical studies can be a very efficient method to explore the
multi-dimensional GxGXxExM space. This would allow
assessing the long-term effect of mixtures at the farm scale,
which is critical because some effects of mixtures of varieties,
e.g., on soil biodiversity and soil carbon and mineral stocks,
are probably only detectable on the long-term (more than a
decade) and at large scales (either at the field or landscape
scale and not at the scale of small experimental plots).

Farmers need rules to design variety mixtures and crop
breeders need new methods to select varieties for mix-
tures. To do so, we have described a trait-based approach
and a trait-blind approach. The two approaches are poten-
tially powerful and have their own virtues. Indeed, trait-
based and trait-blind approaches are complementary, the
former being more mechanistic and the latter being more
statistic. The trait-blind breeding is expected to strongly
impact the traits responsible for the mixing ability, as
already shown for classical breeding, most of which is
trait-blind. Nevertheless, the trait approach and the knowl-
edge of the underlying ecological mechanism seem par-
ticularly promising on the long run. We suggest that rules
to design mixtures could be based on the knowledge of
variety functional traits and that the rules could be based
on combinations of trait values. However, nearly all the
necessary work to design such rules remains to be
achieved and the first step would be to build the necessary
trait databases for crops (Martin et al. 2015) and to de-
scribe the links between crop traits and ecosystem ser-
vices. While the conceptual framework developed in ecol-
ogy to analyze the effects of species richness is very help-
ful to predict the kind of ecological mechanisms that
could make mixtures efficient, we need to develop a
new framework to guide the choice of varieties to be
mixed. Moreover, while the original ecological theories
linking biodiversity and ecosystem functioning hardly
has any evolutionary component, the breeding of new
varieties is clearly a crucial component of this desired
framework that will have to combine positive ecological
interactions between varieties and the way to foster these
interactions through breeding.
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