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Abstract Agrobiodiversity can improve the sustainability of
cropping systems in a context of low external inputs and
unpredictable climate change. Agrobiodiversity strategies to
grow wheat are breeding ad hoc cultivars for organic and low-
input systems, wheat—legume intercrops and living mulches,
cultivar mixtures, and the use of genetically heterogeneous
populations. However, applying those strategies can fail due
the lack of a well-focused framework. Therefore, we need a
better integration between breeding and management and a
clear focus on crop traits related to key agroecosystem ser-
vices. Here, we review the use of agrobiodiversity in wheat
production, focusing on breeding and management. We dis-
cuss five agroecosystem services: (1) weed reduction, (2)
nitrogen use efficiency, (3) abiotic stress tolerance, (4) disease
and pest reduction and (5) yield and yield stability. We cate-
gorise agrobiodiversity into functional identity, functional
composition, and functional diversity, in order to link crop
traits to agroecosystem services. Linking crop traits to
agroecosystem services could in turn lead to concrete options
for farmers and policy. We discuss the relations between crop
identity and crop heterogeneity. We also discuss the
partitioning of crop heterogeneity between functional compo-
sition and functional diversity.
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1 Introduction

Common wheat (Ziriticum aestivum L.) and durum wheat
(Triticum durum Desf. or Triticum turgidum L. subsp. durum)
are the leading crops for human nutrition in Europe and in
most temperate regions worldwide, and as such, they are
facing the challenge of being produced more sustainably, with
reduced levels of external inputs. An increasing body of
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literature addresses cropping system diversification as an inno-
vation pathway to improve wheat production, especially in the
perspective of organic and low external input systems, of
production in marginal areas and of adaptation to climate
change. However, the efficacy of diversity-based innovation
and policy may suffer from the lack of a well-focused approach,
resulting in only partial exploitation of the functional role
of agricultural biodiversity (hereafter ‘agrobiodiversity”)
(Moonen and Barberi 2008) in enhancing the provision
of agroecosystem services, intended as ‘the benefits pro-
vided by ecosystems to humans’ (Millennium Ecosystem
Assessment 2003).

How can a wheat crop be made more functional in provid-
ing the agroecosystem services expected by farmers? Farmers
have complex objectives while planning a cropping cycle, e.g.
reducing production costs, minimising risk of crop failure or
preventing yield and quality reduction. In this respect, the
choice of which cultivar to grow is crucial, especially in the
case of organic or low-input farming systems. Agricultural
research and extension services generally support farmers in
this decision-making by providing lists of recommended cul-
tivars updated yearly and certified through Value for
Cultivation and Use (VCU) and Distinctness, Uniformity
and Stability (DUS) protocols (Foletto 2008; Jones et al.
2003). However, these protocols are often unable to provide
adequate solutions in terms of cereal cultivars adapted to
organic conditions (Wolfe et al. 2008), although the VCU
protocol can be adjusted to meet these needs (Osman et al.
2008). Indeed, reduction in the use of external inputs increases
uncertainty in crop performance, due to stronger effect of the
genotype-by-environment interaction (Desclaux et al. 2008).
Current challenges posed by climate change exacerbate such
uncertainty and urge the need to develop different approaches
and tools for variety selection and crop management (Fig. 1)
(Ceccarelli et al. 2010; Powell et al. 2012; Reidsma et al.
2010).

The potential of agrobiodiversity to support agriculture
(Duelli 2006) is nowadays a key concept, yet still too broad
and fuzzy to be concretely useful for farmers. So far, the search
for better cultivars for organic and low external input systems
has mainly been approached through alternative breeding
models such as selection for target environments and partici-
patory cultivar selection (Almekinders and Elings 2001;
Lammerts van Bueren et al. 2011). However, to fully exploit
the potential of agrobiodiversity to improve cropping systems,
it is important to further widen the range of approaches and
solutions. This would only be possible by focusing on traits that
are clearly related to target agroecosystem services and by
integrating breeding with management.

The aim of this paper is to show that a trait-based functional
categorization of agrobiodiversity can better highlight those
approaches and solutions that are more likely to improve the
sustainability of wheat production.
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Fig. 1 Cultivar evaluation trials embedded in organic and low-input
cropping systems: the first step to improve organic and low-input wheat
growing. Photo: A. Costanzo

2 State-of-the-art strategies for using agrobiodiversity
in wheat production

Besides the classical distinction between genetic, species and
habitat levels (Parris 2001), agrobiodiversity can also be clas-
sified between ‘planned’ and ‘associated’. The first represents
the elements (within each level) that are deliberately introduced
in agroecosystems by humans (Vandermeer et al. 2002), while
the second includes those elements that are present in the
agroecosystem without being introduced (e.g. wild flora and
fauna). However, the overlap between these two classifications
is not fully agreed. Parris (2001) proposed a set of indicators in
which the genetic level of agrobiodiversity is only relevant for
the planned component and the species level only for the
associated component, while Wetterich (2001) considers im-
portant the species level also for the planned component.
Moreover, the genetic level of planned agrobiodiversity may
refer to either ‘different’ cultivars (genetic divergence between
cultivars) or ‘diverse’ cultivars (genetic heterogeneity within a
cultivar) (Brown and Hodgkin 2007; Cox and Wood 1999).
Furthermore, the use of planned agrobiodiversity is addressed
both by widening the range of choice for cultivars, e.g. through
appropriate germplasm management, conservation and exploi-
tation (Able et al. 2007), and by exploring the potential of
increased canopy heterogeneity in enhancing ecosystem ser-
vices (Newton et al. 2009).

A huge body of literature has addressed agrobiodiversity
use in breeding. Here, the aim is to exploit the variation of
wheat germplasm to create cultivars able to enhance the
provision of given agroecosystem services. Reviews by
Witcombe et al. (2008) and McIntosh (1998) have exhaus-
tively addressed the relationship between genetic diversity
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and abiotic stress tolerance or biotic stress resistance, while
Able et al. (2007) reviewed the approaches to explore, capture
and manipulate cereal germplasm diversity.

Besides being used in breeding, agrobiodiversity can also
be used in crop management. Here, the aim is to enhance the
provision of agroecosystem services by exploiting the advan-
tages of heterogeneous instead of homogeneous crops
(Marshall 1977). Hence, agrobiodiversity is not considered
as a pool to pick useful genes from, but as an ecologically
functional resource (Newton et al. 2009). Crop heterogeneity
is mainly addressed through cultivar mixtures (Finckh et al.
2000), use of genetically heterogeneous populations (Phillips
and Wolfe 2005) or species mixtures (Malézieux et al. 2009).

At the genetic level, as summarised by Doring et al. (2011),
diversity may be deployed according to two distinct, but not
self-excluding strategies:

1. Constituting cultivar mixtures by physically mixing seeds of
available cultivars: This type of diversity has been proven to
increase crop yield mainly through disease reduction
(Cowger and Weisz 2008; Garret et al. 2009; Mundt
2002a). It must be noticed that this approach does not
exclude the increase of diversity also at the species level,
obtained by mixing seeds of different cereal species, like in
the Eastern African mixture of wheat and barley (Hordeum
vulgare L.) called ‘hanfets’ (Woldeamlak et al. 2008).

2. Reproducing seeds of bulk hybrid populations constituted
by crossing a certain number of parental cultivars, resulting
in a much greater genotypic diversity than cultivar mix-
tures, as in the case of composite cross populations: this
approach, known as ‘evolutionary breeding’, started by
Suneson (1956), demonstrated that grain yield could be
increased by cultivating cereal bulk populations for several
successive generations, thus exposing them to natural se-
lection. The use and breeding of composite cross popula-
tions have recently gained interest, to meet the challenges
posed by low external input and organic agriculture
(Phillips and Wolfe 2005) and by climate change and
environmental unpredictability (Ceccarelli et al. 2010).

At the species level, crop species mixtures in arable sys-
tems mainly refer to intercropping (Lithourgidis et al. 2011a).
In the case of wheat, either true intercrops (mainly with grain
legume crops) or living mulch systems (mainly with forage
legumes) can be used. Here, the target services are mainly
yield (attainable through increased land equivalent ratio;
Banik 1996), nitrogen use efficiency (Stern 1993) and weed
reduction (Liebman and Dyck 1993; Poggio 2005).

Although they share the common goal of cropping system
diversification, these different strategies rely on a plurality of
hypotheses linking agrobiodiversity to agroecosystem function-
ing (Fig. 2). As an example, maintaining highly diverse breeding
populations is expected to provide more opportunities to create
useful cultivars and, thus, to meet unpredictable needs through

wider cultivar choice. On the other hand, growing a genetically
diverse composite cross population is expected to buffer
against climate unpredictability, thanks to its intrinsic
heterogeneity. Differently, a cereal-legume intercrop is
expected to improve nitrogen cycling, compared to a cereal
monocrop, due to the co-presence of cereal and legume species,
rather than to mere increased diversity. Therefore, a more fo-
cused framework is required to clarify the potential functional
role of agrobiodiversity. To address this need, we will (a) explore
the role of different strategies in enhancing agroecosystem
functioning according to five key agroecosystem services
and (b) cluster these different strategies under functional cate-
gories, representative of the key (agro)ecological mechanisms
that can link agrobiodiversity to improved agroecosystem
functioning.

3 Planned agrobiodiversity for key agroecosystem services
3.1 Methodology

Many studies, although not explicitly addressing biodiversity,
can be interpreted in a ‘biodiversity-for-agriculture’ perspective
(Barberi et al. 2010). In our literature search, we took into
account experimental and review papers which (a) focused on
genetic agrobiodiversity through a breeding approach and (b)
focused on a diversification management strategy and tested if a
positive relationship between that strategy and a given
agroecosystem service exists. The literature search was
performed on Scopus®, Science Direct® and ISI Web of
Science® databases without specifying temporal limitations.
We crossed two series of keywords: the first related to
agroecosystem services and the second to diversity-based strate-
gies or tactics. As a common keyword representing the wheat
crop we mainly used ‘wheat’, although we have also included
key papers on barley and other winter cereals.

The first series of keywords was developed around five key
services, namely (a) weed reduction, (b) nitrogen use efficiency,
(c) abiotic stress reduction, (d) biotic stress reduction, and (¢)
yield, and represented different lexical expressions, as follows:

—  ‘weed reduction” AND/OR ‘weed suppressive ability’
AND/OR ‘weed tolerance’

—  ‘nitrogen use efficiency’

—  ‘abiotic stress*’

—  ‘pest® reduction” AND/OR ‘pest resistance’ AND/OR
‘pest* management’

—  ‘disease* AND/OR parasite* reduction” AND/OR ‘dis-
ease™ AND/OR parasite™ resistance’; AND/OR “disease*
AND/OR parasite* management’

- Cyield’

The second series of keywords was developed around
state-of-the-art diversification strategies or tactics, namely

IN?A @ Springer

T—=" SCIENCE & IMPACT



330

A. Costanzo, P. Barberi

Fig. 2 Strategies for improving
sustainable wheat production

through agrobiodiversity use. Able et al. (2007)

Using genetic diversity
in crop breeding

Deploying genetic diversity
in crop management
Newton et al. (2009)

Deploying species diversity
in crop management
Malézieux et al. (2009)

1 Common wheat (Triticum
aestivum) old Italian cultivars
(left) and modern commercial
cultivars (right). 2 Detail of a
common wheat composite cross
population. 3 Intercropping of
common wheat and field pea
(Pisum sativum ). Photos:

A. Costanzo

given services

conditions

« Dambroth and El Bassam (1983)
* Murphy et al. (2007)

(a) the domain of plant genetic resource use in breeding, (b)
intercropping, (c) mixing cultivars and (d) cultivating and
reproducing heterogeneous populations:

—  (‘genetic diversity’” AND/OR ‘agrobiodiversity” AND/
OR ‘agricultural biodiversity” AND/OR ‘agricultural di-
versity’) AND ‘breeding’

—  ‘intercrop®*” AND/OR ‘liv* mulch*’ AND/OR ‘mixed
crop*’

—  ‘variet* mixture*” AND/OR ‘variet* blend” AND/OR
‘cultivar mixture*” AND/OR ‘cultivar blend*’

—  ‘heterogeneous population*” AND/OR ‘bulk population’
AND/OR ‘composite cross

3.2 Weed reduction

Weed control is one of the most important challenges in organic
and low-input wheat production, where it should be addressed
by a systemic approach (Barberi 2002). A growing body of
literature deals with the direct role of crops for weed reduction,
in its three main facets: (a) reduce weed growth and abundance
through crop interference mechanisms (Jordan 1993), (b) re-
duce yield losses caused by weeds through crop tolerance
mechanisms (Callaway 1992) and (c) prevent invasions of alien
or most aggressive weed species (Pollnac et al. 2009). How can
a wheat crop better withstand and reduce weed competition?
Wheat cultivars vary in their ability to withstand competition
from weeds. This variation is partly due to their weed suppres-
sive ability and partly to their weed tolerance, i.e. their ability to
interfere with weeds and their response to weed interference,
respectively (Jordan 1993), which depend on several traits
(Bertholdsson 2011; Callaway 1992; Cosser et al. 1997;
Olesen et al. 2004). Early vigour, measured as early season crop
biomass accumulation, and allelopathy have been referred to as
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— Create cultivars able to provide

* Mclntosh (1998)
« Witcombe et al. (2008)

 Create cultivars adapted to
organic and low-input growing

— Grow mixed stands of different i~ Include an intercrop in wheat crop
cultivars cycle

« Finckh et al. (2000) » Hauggaard-Nielsen et al. (2001)
« Kier et al. (2009) « Poggio (2005)

" Grow genetically heterogeneous
cultivars through an evolutionary
breeding approach

« Phillips and Wolfe (2005)

« Déring et al. (2011)

 Include a living mulch in wheat
crop cycle

« Hiltbrunner et al. (2007a)

« Hartwig and Ammon (2002)

the most important traits conferring weed tolerance (Huel and
Hucl 1996). A set of morphological traits related to enhanced
weed suppressive ability, e.g. earliest flag leaf emergence and
anthesis, larger flag leaf surface, early crop height and cover and
tiller number, has been linkage mapped and correlated to quan-
titative trait loci (QTL) (Coleman et al. 2001). The same ap-
proach has also been proposed for the production of
allelochemicals in cereal crops (Belz 2007), especially in rice
(Oryza sativa L.) (Zhou et al. 2008). This may enable the
potential for marker-assisted selection (Lammerts van Bueren
et al. 2010) and breeding for enhanced weed suppressive ability.

Crop species diversity is reported as a powerful tool for
weed management (Hartwig and Ammon 2002), especially
by associating cereal and legume species in intercropping
(Lithourgidis et al. 2011a) or in living mulch systems
(Hiltbrunner et al. 2007a). Field experiments showed that the
weed suppressive ability of intercrops of barley and pea (Pisum
sativum L.) grown in an additive design was higher and more
stable across years and locations than in sole crops, due to the
reduction of total weed biomass, weed species richness and
relative abundance of dominant weeds (Poggio 2005).
Hiltbrunner et al. (2007a) positively related the weed suppres-
sive ability of legume species, included as living mulch in
wheat, to their biomass production. However, living mulch
systems were found to suppress mainly dicotyledonous weeds,
thus favoring monocotyledonous weeds like Poa trivialis L.
(Hiltbrunner et al. 2007b).

Overall, the main common evidence emerging from these
experiments is the strong effect of interactions. For example,
grain yield variation was almost fully (81 %) explained by
genotype-by-environment interaction in a multi-site experiment
comparing 12 winter wheat cultivars for their suppressive ability
against Lolium rigidum Gaud. in Australia (Lemerle et al. 2001).
Similarly, cultivar tolerance against the same weed had been
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proven to vary considerably between years and locations, mak-
ing it unlikely to identify a ‘best tolerant cultivar’ (Cousens and
Mokhtari 1998). Experiments conducted in Great Britain
showed that advantage in weed tolerance of an old tall wheat
cultivar over semi-dwarf modern cultivars vanished when sow-
ing was delayed from mid-September to mid-October, resulting
in lower early weed burden (Cosser et al. 1997). In intercropping
and living mulch systems, wheat performance is highly linked to
competitive relationships between wheat and the companion
crop (Den Hollander 2012; Hiltbrunner et al. 2007a). To maxi-
mise weed control while minimising side effects, focus
must be set on interaction factors such as sowing design
(Thorsted et al. 2006a), mechanical regulation of the living
mulch (Thorsted et al. 2006b), sowing densities (Hiltbrunner
etal. 2007c), and wheat cultivar performance in a living mulch
system (Hiltbrunner and Liedgens 2008).

In summary, it is possible to find, and efficiently plan
and deploy, key traits that improve the weed reduction
service in a context of predictable variability and in narrow-
ly targeted areas. This information is potentially useful to
target cultivar choice, intercropping/living mulch planning
and breeding programmes (Hoad et al. 2012). However, it
still remains unclear how to ensure short-term weed reduc-
tion when considering unpredictability, especially the cli-
matic one. This can affect weed—crop interactions by
influencing the sowing date and related issues, e.g. soil
trafficability and the possibility to apply the false seedbed
technique (Rasmussen 2004).

3.3 Nitrogen use efficiency

Nitrogen (N) is amongst the main limiting factors for wheat
production (Raun and Johnson 1999), especially under low-
input and organic conditions. After the diffusion of dwarf,
high-input responsive cultivars (Yapa 1993), grain yield in-
creased in parallel with nitrogen supply (Austin 1999), often
leading to excess N use with negative environmental side
effects (Davies and Sylvester-Bradley 1995). A major chal-
lenge nowadays is thus to maintain grain yield and quality
with reduced N input. Therefore, the target is to increase N use
efficiency, intended as a combination of (a) N uptake efficien-
cy, i.e. total plant N/soil available N, and (b) N translocation
efficiency, i.e. grain yield/total plant N (Barraclough et al.
2010; Foulkes et al. 2009; Witcombe et al. 2008). According
to Raun and Johnson (1999, worldwide cereal N use efficien-
cy does not exceed 33 %. Systems not relying on chemical
fertilisers usually suffer from the mismatch between wheat N
requirements and N release from organic matter and fertilisers
(Mader et al. 2002; Pang and Letey 2000). How can a wheat
crop be made more efficient in nitrogen use?

Many studies have been exploring the morpho-physiological
traits linked with increased N use efficiency in wheat. As
summarised by Foulkes et al. (2009), these traits are related to

four strategies aimed at optimising the whole N use of wheat:
from (a) optimised N capture and (b) nitrate assimilation,
through, e.g. deeper root distribution and optimised activity of
key enzymes, (c) maximised photosynthetic capacity and (d)
improved N remobilization through N distribution in the canopy
and optimised grain protein content. To obtain faster improve-
ment, however, the impact of genotype-by-N interaction should
be taken into account through appropriate tests (Sylvester-
Bradley and Kindred 2009). Baresel et al. (2008) identified
genotypic variation in N uptake among six common wheat
cultivars tested in four locations in southern Germany and
showed that higher N uptake during grain filling can favour
wheat performance in environments with higher N availability,
while early N uptake can be more important in N-limiting
environments. Wheat selection for target environments appears
thus as a potentially useful approach to enhance N use efficiency.
QTL analysis of N use efficiency and genotype-by-N interaction
for grain yield, grain protein yield and their components is
opening the option for marker-assisted selection (Agrama
2006). Associations between QTL related to tolerance to low
N and phenotypic markers such as awnedness, dwarfness and
photoperiod-sensitivity have also been found (Laperche et al.
2007). A further major challenge in breeding for enhanced N use
efficiency is to improve screening methods for rhizosphere-
related traits and the understanding of plant-soil-microbe rela-
tionships (Messmer et al. 2012).

As to management, many studies have focused on the im-
pact of species association on wheat N uptake to enhance cereal
yield and grain N content in low N environments (Bedoussac
and Justes 2009). Growing wheat with a legume companion
crop can increase wheat N uptake mainly due to reduced
competition for N (Jensen 1996) rather than to direct N transfer
from the legume to the cereal, which did not exceed 2.5 % of
total barley N uptake in a red clover (7rifolium pratense L.)—
barley intercrop (Baddeley et al. 2006). However, direct N
transfer may be significantly enhanced by associated soil biota,
like arbuscular mycorrhizal fungi (Johansen and Jensen 1996)
and earthworms (Schmidt and Curry 1999). In turn, earthworm
activity can be favoured by the co-presence of cereals and
legumes (Schmidt et al. 2003). Obviously, N use complemen-
tarity in intercrops is also influenced by weed abundance and
composition (Hauggaard-Nielsen et al. 2001).

Positive effects of legume living mulches on N cycling can
be further enhanced by appropriate crop management.
Manipulation of co-presence time, aimed at minimising cere-
al-legume competition, can optimise the efficiency of
intercropping. Systems of temporary wheat and faba bean
(Vicia faba L. var. minor Beck.) intercropping, with contem-
porary sowing and soil incorporation of the legume in early
spring, have been shown to increase wheat protein content by
15 to 20 % compared to wheat sole crop (Tosti and Guiducci
2010). Thorsted et al. (2006b) showed that the use of a brush
weeder on white clover (7Trifolium repens L.) bands to
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diminish legume competition in a clover-wheat intercrop in-
creased wheat grain N content by 31 % compared to
unmanaged clover, especially when passed at flag leaf emer-
gence. Brushing before flag leaf emergence resulted instead in
maximum wheat yield increase.

A further challenge for better N use efficiency, especially
under high precipitation levels, is to reduce N leaching in the
autumn. Here, farmers can either sow winter wheat or spring
wheat preceded by a late summer sown catch crop (Thorup-
Kristensen et al. 2003). The inclusion of N,-fixing, non-N,
fixing and mixtures of N,-fixing and non N,-fixing catch crops
in organic cropping systems was studied in Denmark by Doltra
and Olesen (2013), with spring oats and spring barley as target
cash crops. Yields of target crops were improved by the catch
crop, but the effect size was dependent on target cereal and
catch crops. Ryegrass, white and red clover mixture was pro-
posed as the best strategy to reduce N leaching and improve
yield in spring oat, but advantages on spring barley seemed to
be more dependent on longer term effects. Thorup-Kristensen
et al. (2009) highlighted the previously underestimated effi-
ciency of winter wheat root system in reducing N losses. Being
winter wheat able to yield more than spring wheat, it might be
preferably grown in environments where N leaching is limited.
Where N leaching is more severe, sowing a catch crop like rye
(Secale cereale 1.) or vetch (Vicia sativa L.), incorporated in
the soil before sowing spring wheat, would more effectively
reduce N leaching and increase N availability for the subse-
quent crop. Instead, in winter wheat, yield and grain protein
content were improved by a catch crop composed of ryegrass
(Lolium perenne L.) and a mixture of clover species undersown
in preceding spring barley (Olesen et al. 2009). This experi-
ment also showed that the catch crop was more effective than
manure application in improving N use efficiency.

The complexity of N dynamics in organic and low-input
cropping systems makes it difficult to identify general pheno-
typic traits and/or standard management options to improve N
use efficiency. On the other hand, appropriate phenotypes can be
identified and matched with appropriate management systems in
a target environment.

3.4 Abiotic stress tolerance

Successful production under stress conditions is an important
objective for organic and low-input cropping systems, where
reduction of external inputs exacerbates the effects of environ-
mental variation over time and space. Production under stress
conditions should be based on crop local adaptation: this is the
purpose of decentralised, locally based breeding programmes
(Atlin et al. 2000; Ceccarelli 1989), which have been proven
successful in marginal conditions (Ceccarelli 1994, 1996).
Many efforts have been done to identify and develop stress-
tolerant germplasm (Witcombe et al. 2008) and to explore the
mechanisms of stress tolerance at the genomic level, e.g. drought
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tolerance in barley (Comadran et al. 2008), wheat and rice
(Praba et al. 2009). Genetic variability for stress tolerance is
being screened among available genotypes of cereal crop species
and their wild relatives (Nevo and Chen 2010; Shavrukov et al.
2010; Siahpoosh et al. 2011; Trethowan and Mujeeb-Kazi 2008;
Xie and Nevo 2008), with the aim of building up a comprehen-
sive gene pool to be used in breeding programmes.

Breeding for adaptation to environmental stresses has to
face increasing uncertainty (Giampietro 2004; Prato 2008) in
the occurrence of stress-generating climate events (Asseng
et al. 2011; Ceccarelli et al. 2010). A crucial question is
therefore: “Which breeding and management strategies can
be envisaged to ensure good crop performance in a stressful
environment dominated by uncertainty?’

The availability of a large pool of cultivars may not be
enough to face such uncertainty. Increased crop genetic het-
erogeneity, either by using cultivar mixtures (Finckh et al.
2000; Kaut et al. 2009) or heterogeneous evolutionary popu-
lation like composite cross populations (Finckh 2008; Phillips
and Wolfe 2005), may better cope with environmental uncer-
tainty than the use of a single, homogeneous and locally
adapted cultivar. In the case of evolutionary populations,
progressive adaptation to local environments (David et al.
1997) has been documented regarding, e.g. improved winter
survival (Hensleigh et al. 1992) or salt tolerance (Jana et al.
1980) in barley composite cross populations. Variation in
wheat heading and flowering time (Rhoné et al. 2010) may
be considered a stress avoidance strategy. When growing and
reproducing subsets of the same wheat population in different
climatic conditions for 10 years, Goldringer et al. (2006)
observed a rapid divergent evolution for heading time
according to local environments, a phenotypic expression of
within-population genetic diversity.

Despite little research has been done on the relationship
between intercropping and abiotic stress tolerance, evidence
of improved nutrient (Morris and Garrity 1993a) or water
(Morris and Garrity 1993b) use efficiency in cereal-legume
intercrops suggests that species diversity can play an important
role also in buffering environmental variation and uncertainty.

3.5 Disease and pest reduction

Crop disease resistance depends on complex interactions be-
tween pathogens, host crop and agro-ecosystem structure and
management, which may span across different temporal and
spatial scales. In the occasion of the worldwide outbreak of
Ug99, a new strain of wheat stem rust (Puccinia graminis f.
sp. tritici ), Ayliffe et al. (2008) highlighted the need for wheat
stem rust resistance to be durable. In fact, it is known that
cultivars tend to lose their resistance traits in a few years,
especially if these are monogenic and race specific
(Kilpatrick 1975). As a matter of fact, the large size of path-
ogens populations and their high number of generations make
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mutations so probable that host plant resistance can be very
quickly overcome (Hollomon and Brent 2009). Although
host—pathogen interactions can be unravelled through geno-
mic tools, this problem is unlikely to be overcome in homo-
geneous (i.e. non-diversified) cropping systems (Ayliffe et al.
2008), unless genetic resistance is integrated with other mea-
sures (Mundt et al. 2002; Déring et al. 2012). Which breeding
and management strategies would enable wheat crops to re-
duce disease occurrence and impact and to improve resistance
durability?

As summarised by Fabre et al. (2012), resistance sources
may be deployed either through a ‘pure’ strategy, i.e. relying
on a uniform resistant cultivar, or through a ‘mixture’ strategy,
i.e. mixing resistant and susceptible cultivars. In the medium
to long term, widening the crop gene pool (Able et al. 2007)
by exploring and conserving germplasm in ancient cultivars
(Newton et al. 2010) and crop wild relatives (Hoisington et al.
1999; Olivera and Steffenson 2009; Valkoun 2001) would be
essential to identify new resistance genes and mechanisms. As
pointed out by Newton et al. (2010), resistance in modern
widespread cereal cultivars mainly relies on hypersensitivity-
based Mendelian traits. Instead, landraces and crop wild rela-
tives have evolved polygenic resistance, which may signifi-
cantly contribute to crop protection without the risks posed by
single gene resistance. As a matter of fact, due to their partial,
broad-spectrum nature, polygenic resistance may improve
resistance durability (Kou and Wang 2010). Moreover, multi-
ple resistance traits can be easily handled through QTL map-
ping (Czembor et al. 2003; Pereira et al. 2000) and marker-
assisted selection (Miedaner et al. 2009).

Agro-ecosystem diversification is amongst the most prom-
ising strategies to keep diseases and pests under control. As a
matter of fact, disease control is the main aspect which diver-
sification practices as cultivar mixtures have been studied for.
The yield advantage of cultivar mixtures over pure stands of
their components has been proven especially in the presence
of diseases (Akanda and Mundt 1997; Kier et al. 2009). This
is due to a host diversity effect (Garret et al. 2006; Garret et al.
2009) whose efficacy is strictly linked to the epidemiological
conditions of the disease and to life histories of the pathogens.
As an example, Cox et al. (2004) hypothesised that host
diversity would be more effective in reducing leaf rust
(Puccinia triticina f. sp. tritici) than tan spot (Pyrenophora
tritici-repentis), the first being a wind-dispersed, polycyclic,
highly specialised pathogen while the second is a soil residue-
borne one. These authors, however, demonstrated that the
severity of both diseases can be simultaneously reduced by
mixing cultivars carrying different resistance levels.

In a longer perspective, genetically heterogeneous crop
stands can also influence pathogen evolution (Finckh et al.
2000), since they reduce the reproduction of simple races, thus
favouring complex races (Lannou and Mundt 1996; Lannou
and Mundt 1997; Mundt 2002b). In addition, evolutionary

processes driven by even higher crop genetic heterogeneity, as
in composite cross populations, can conserve (De Smet et al.
1985, for barley and powdery mildew—_Blumeria graminis f.
sp. hordei) or even increase (Goldringer et al. 1998, for wheat
and leaf rust) disease resistance.

Species diversity has also been proven to potentially ham-
per disease outbreaks (Trenbath 1993). As an example, the
dispersal of Septoria tritici pycnidiospores in wheat was
reduced by the presence of intercropped clover (Bannon and
Cooke 1998). However, the effect of intercropping can be
controversial. Microclimatic conditions may indeed favour
wheat powdery mildew outbreaks in wheat—faba bean inter-
crops, especially when N fertilisers are added (Chen et al.
2007). It is worthwhile remembering that crop diversity across
time, i.e. appropriate rotation planning, has a central role in
disease control (Conway 1996; Kirkegaard et al. 2008;
Ransom et al. 2007) and should be considered a prerequisite
for any successful disease control strategy in any cropping/
farming system (Bennet et al. 2012; Reis et al. 2011).

Similarly to diseases, genetic host resistance is reported as a
cheap and common means to counteract wheat insect pests
such as aphids (El Bouhssini et al. 2011). Host—pest relation-
ships are progressively better understood (Botha et al. 2005),
including complex multi-trophic interactions among crops,
weeds, pests and their natural enemies. The underlying hy-
pothesis, worth of further work, is that crop stand heterogene-
ity at the genetic and/or species level may improve pest
control either (a) directly, through a host dilution effect, espe-
cially against highly specialised, monophagous pests, or (b)
indirectly, through a bottom-up effect resulting in enhanced
overall activity of natural enemies.

Caballero-Lopez et al. (2012) studied whether and how
plant communities affect the richness and abundance of aphids
and their interactions with natural enemies in winter cereals
crops. They found clear bottom-up effects influenced by the
cropping system, and that a higher presence of legumes in
organic fields enhanced the richness of natural enemies.
Diversifying crop stands is therefore a practical means to
increase pest control through a cascade effect mediated by
plant diversity.

Tooker and Frank (2012) reviewed the pest reduction ef-
fects that can be obtained by increasing crop genetic diversity
through cultivar mixtures. Glen (2000) emphasised how weed
presence may reduce the severity of aphids or slug attacks on
wheat, similarly to what can be obtained by intercropping
wheat and legumes.

Nevertheless, an extensive review by Ratnadass et al.
(2012) showed that not necessarily higher diversity re-
sults in lower pests and/or disease attack on crop.
Deeper understanding of the mechanisms driving the rela-
tionships between crop diversity and pests or diseases is
needed to make cropping system diversification an effective
and reliable tool.
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3.6 Yield and yield stability

Yield can be considered either as a trait or as an agro-ecosystem
service. In many breeding studies, yield is viewed as a com-
plex, low-heritable trait dominated by genotype-by-
environment-by-management interactions (Araus et al. 2008;
Cooper et al. 2001). High yielding cultivars diffused after the
Green Revolution have been embedded into a ‘technological
package’ paradigm based on the compulsory use of high ex-
ternal inputs (Yapa 1977; 1993). A productive wheat cultivar
would then correspond to the ideotype described by Donald
(1968): a dwarf plant with few erect leaves and a single culm,
carrying a large, erect and awned ear. However, this phenotype
does not guarantee high yield unless a favourable, standardised
environment is provided through external input supply
(Desclaux et al. 2008). How can a wheat crop maintain or
increase yields with low external inputs?

As pointed out by Marshall (1991), it is after Donald’s
proposal of the ideotype approach that morphological and
physiological traits directly linked to yield have been targeted
in breeding. In fact, many studies focusing on yield consider
‘yield potential® as a trait independent from others (Reynolds
et al. 2009). Wheat yield potential per se was mainly targeted
through the increase in harvest index, achieved by exploiting
dwarfing genes (Milach and Federizzi 2001). Recently, the
main goals of breeding for increased yield are the enhance-
ment of photosynthetic capacity and efficiency (Parry et al.
2010) and the increase of resource partitioning to grains
(Foulkes et al. 2011). However, such goals would concretely
ensure yield gains ‘provided that other constraints do not
become limiting’ (Parry et al. 2010). Also, to maintain grain
quality while increasing grain yield, ‘crop N requirements will
nevertheless increase’ (Foulkes et al. 2011). Such approaches
seem more in line with Donald’s paradigm than with present
challenges faced by low-input systems.

Donald (1968) postulated that ‘a successful crop ideotype
would be a weak competitor’, in order to minimise crop intra-
specific competition. This approach, widely used in conven-
tional breeding programmes in the past 50 years, was embraced
by Sedgley (1991) but questioned by Rasmusson (1991), who
proposed that a large and competitive plant would be a better
ideotype for barley. The latter author also stated that, rather than
postulating a single ideotype for each crop, alternative breeding
models within given ecological areas would be needed.

Besides breeding, the yield of a cereal crop stand can also
be increased by appropriate cropping system design. Wide
documentation exists of increased land equivalent ratio in
mixtures of either species or genotypes, e.g. hanfets
(Woldeamlak et al. 2008), various wheat—legume intercrops,
e.g. durum wheat—winter pea (Bedoussac and Justes 2009) or
wheat—faba bean (Agegnehu et al. 2008).

Yield advantages of cultivar or species mixtures have
often been related to enhanced resistance to diseases or
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tolerance to abiotic stresses (Finckh et al. 2000; Trenbath
1993). Part of these yield gains can also be attributed to a
direct ‘mixing effect’ (Stiitzel and Authammer 1990) due to
improved resource use efficiency (Midmore 1993), as shown
for water (Morris and Garrity 1993b), solar radiation (Tsubo
et al. 2001 in maize—bean intercrops), nitrogen (Whitmore
and Schroder 2007) and phosphorus (Betencourt et al. 2011;
Li et al. 2008).

When looking at yield as an agroecosystem service, the
goal is not only to obtain adequate yield, but also to increase
yield stability. In breeding, yield stability is often regarded as
the variation of a cultivar performance across locations, as
compared to the average performance of a set of cultivars in
the same locations (Cleveland 2001). Conventionally, yield
stability has often been pursued through breeding for wide
adaptation in order to reduce, or possibly ignore, the effects of
genotype-by-environment interaction (Desclaux et al. 2008).
In the context of low-input and organic farming, as highlight-
ed by Wolfe et al. (2008), a key goal would be improving yield
stability across time.

How can temporal variation in yield and the probability of
yield falling below a specified level (Piepho 1998) be re-
duced? The temporal dimension of yield stability is an emerg-
ing property of an agroecosystem (Marten 1988) rather than
being a mere genotype trait. Yield stability can be improved
through breeding and cultivar choice as well as through
cropping system design and management. Increased yield
stability across space and time can often be achieved by
cultivar mixtures without jeopardizing yield potential, as
shown by Kiar et al. (2012), Mengistu et al. (2010) and
Helland and Holland (2001), who proposed to use pure-line
evaluation data for selecting superior mixtures and enabling
farmers to select them.

These last examples claim for integrating a pure breeding
approach (yield stability across space tested in multi-location
trials) with an agroecological approach aiming to improve
yield stability across time through locally tuned cultivar
choice, diversification strategies and cropping system design.
Temporal stability, indeed, can be assumed as strongly related
with spatial stability and then partly predictable for cultivars
by using data from multi-location cultivar evaluation trials.
Piepho (1998) proposed accurate statistical methods to parti-
tion site and year effects, rather than consider them inter-
changeable, on the stability of cultivars and of a plurality of
cropping system variables.

4 Planned agrobiodiversity: functional categories
and related strategies

Despite the general consensus among scientists on the benefits
that crop diversity can provide to agroecosystem services, our
literature survey did not return consistent indications of how
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to improve wheat production through agrobiodiversity. This is
likely due to existing conflicts between target services and to
significant knowledge gaps on cause—effect relationships be-
tween crop heterogeneity and the expression of services. For
example, in some cases, cereal-legume intercropping can
improve nitrogen use efficiency, but increase disease occur-
rence (Chen et al. 2007). The question is then to ascertain
whether or not, based on present knowledge, the functional
role of agrobiodiversity can be clearly demonstrated and
hence translated into practical recommendations for farmers.

4.1 Three functional categories to address agrobiodiversity

How can agrobiodiversity translate into better provision of
services? This can happen through several and distinct mech-
anisms, whose applications to cropping system have so far not
been clearly addressed in the scientific literature. The ecologi-
cal debate on the role of biota in carrying functions in natural
ecosystems can be helpful to understand the potential and limits
of different agrobiodiversity use strategies in wheat production.
Two main hypotheses, which are not mutually exclusive, have
been proposed with reference to grassland ecosystems: (a) the
‘mass ratio hypothesis’, which proposes that the main determi-
nants of ecosystem processes are the traits of dominant species
(Grime 1998; Mokany et al. 2008), and (b) the ‘diversity
hypothesis’, which proposes that the main determinant of eco-
system processes is the diversity of biota and of their functional
roles in a community (Tilman et al. 1997; Fornara and Tilman
2009). In our hypothesis, the pathways with which the crop
stand may influence the provisions of agroecosystem services
belong to three categories (Table 1):

1. Functional identity, i.e. the presence of a set of homoge-
neous phenotypic traits that are related to the expression
of given agroecosystem services

2. Functional composition, i.e. the complementary effect of
different traits, expressed by co-occurring elements, on
the provision of given agroecosystem services

3. Functional diversity, i.e. the direct effect of heterogeneity
within the crop stand on the expression of given
agroecosystem services

Functional identity is a key concept in the mass ratio
hypothesis (Mokany et al. 2008) and can be applied to a wheat
crop assuming the crop as the dominant species (sensu Grime
1998) in the agroecosystem. Therefore, if we assume as ‘iden-
tity’ the set of identifying traits that distinguish, e.g. one
cultivar from any other and make it recognisable, functional
identity can be seen as the part of this identity which is related
to the provision of a service. From a breeding point of view,
the proposed definition overlaps with the concept of
ideotype, intended as the ideal combination of crop traits
aimed at meeting a predefined objective in a given context

(Andrivon et al. 2013). An example of functional identity
applied to a wheat crop cycle is the choice of a given culti-
var—be it homogeneous or heterogencous—for a specific
objective. In this case, the key mechanism through which
agrobiodiversity is made functional is indirect, being related
to the availability of different identities to choose from, to better
ensure the provision of target services. Functional identity
would thus answer a question like: ‘Do I need to cultivate a
tall or dwarf wheat cultivar to improve weed suppression?”’

Functional composition and functional diversity are related
to the diversity hypothesis, as they both refer to heterogeneous
crop stands. Although no univocal definition of these concepts
has been agreed so far in the ecological literature, they both
focus on the identification, within an ecosystem, of functional
groups, i.e. clusters of elements (at the genetic, species or
habitat level) carrying the same ecosystem function. In this
context, functional composition mainly refers to the co-
presence of given functional groups, e.g. N,-fixing legumes
and C, grasses carrying complementary functions and thus
enhancing the overall biomass productivity of a grassland
ecosystem (Tilman et al. 1997). In wheat, an example of
functional composition is mixing a high-yielding but
disease-susceptible cultivar with a less-yielding but disease-
resistant one, to reduce disease outbreak and thereby yield loss
(Finckh et al. 1999). Similarly, the co-presence of cereals and
legumes, and not heterogeneity per se, is expected to improve
resource use efficiency in intercropping systems. In both
cases, the key mechanism is to combine elements expressing
different yet complementary traits, to better ensure the provi-
sion of target services. Functional composition would thus
answer a question like: “Which legume species should I grow
together with wheat to maximise the overall yield in an
intercropping system?’

On the other hand, functional diversity may either refer to
the number and diversity of functional groups present within
the ecosystem, as addressed by Tilman et al. (1997), or to the
diversity of elements within a functional group (Moonen and
Barberi 2008). An example of functional diversity is using
heterogeneous wheat populations (e.g. composite cross pop-
ulations) instead of homogeneous pure lines to cope with
climate unpredictability. In this case, the key mechanism is
to better ensure the provision of target services by deliberately
increasing the genetic heterogeneity of the crop stand.
Functional diversity would thus answer a question like:
‘How can I stabilise wheat yield in a context characterised
by fluctuations between dry and wet years?’

Mokany et al. (2008) suggested that some ecosystem pro-
cesses are mainly explained by functional diversity and/or
composition, i.e. through the diversity hypothesis, while
others are better explained by functional identity, i.e. through
the mass ratio hypothesis. Therefore, it is important to remark
that crop functional identity, composition and diversity are not
alternatives. Rather, it is their combination that gives better
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Table 1 Functional categories proposed to address agrobiodiversity use in wheat production, their underlying ecological rationale and determinants,

their related agroecosystem approaches, strategies and target services and their possibilities/needs of optimisation

Functional identity

Functional composition

Functional diversity

Underlying hypothesis Mass ratio hypothesis
(Grime 1998; Mokany

et al. 2008)

Determinant of ecosystem
processes

Traits of the dominant species

Identifying useful crop traits:
definition of crop ideotypes
(Andrivon et al. 2013)

Agroecosystem approaches

Strategies to improve
wheat production

Breeding for ad hoc cultivars

Agroecosystem services » Weed reduction

expected to improve « N use efficiency

* Tolerance of given abiotic
stresses
* Short-term disease resistance

* Yield and yield stability

Required optimisations * Breeding in target environments

* Participatory breeding

Diversity hypothesis
(Fornara and Tilman 2008)

Co-presence of complementary
functional groups

Association of functionally different
crops/cultivars: cropping system
diversification (Malézieux et al.
2009)

« Intercropping
« Living mulches

« Cultivar mixtures

* Weed reduction
* N use efficiency
« Abiotic stress tolerance

« Disease and pest reduction
* Yield (land equivalent ratio)

« Facilitate components choice

 Optimise the association
* Technical adaptation

Diversity hypothesis
(Tilman et al. 1997)

Diversity among or within
functional groups

Genetic heterogeneity of the
cultivar and evolutionary
breeding (Phillips and
Wolfe 2005)

Dynamic management of
composite cross populations

* Tolerance of abiotic stresses
* Disease and pest reduction
* Buffer unpredictable stresses

« Adaptation to the environment
* Progressive yield increase

* Choice of the key traits to diversify

» Monitor intergenotypic
competition

opportunities to fully utilise agrobiodiversity to improve sus-
tainability in a given agroecosystem. The interdependence
among these categories should however be explored by ad-
dressing the following two critical issues. One is clarifying the
relations between crop identity and crop heterogeneity to
understand whether or not, and to which extent, these appar-
ently diverging concepts can be integrated in heterogeneous
crop stands. A second issue is partitioning crop stand hetero-
geneity to understand in which cases we should discriminate
between functional composition- and functional diversity-
based mechanisms (Table 1).

4.2 Relations between crop identity and crop heterogeneity

In organic and low-input cropping systems, the farmer’s ques-
tion: “Which cultivar should T grow?’ may have a broader
answer than just the choice of a homogeneous cultivar. There
is room to incorporate heterogeneity into the crop but, since
the possibility of sowing a heterogeneous crop is not fully
supported by the DUS system (Winkler et al. 2013), two major
issues emerge. The first regards the identity of the crop stand.
Here, heterogeneity aimed at disease reduction conflicts with
uniformity, aimed to obtain a recognisable produce. The sec-
ond issue regards the identity of seeds for crop propagation.
Here, heterogeneity, expected, e.g. to enable local adaptation

@ Springer
SCIENCE & IMPACT

in composite cross populations, conflicts with the requisite of
phenotypic stability.

4.2.1 Identity and heterogeneity of the crop stand

In a wheat crop stand, would heterogeneity and identity inte-
grate or would they conflict? Much of the literature surveyed
for weed reduction and N use efficiency refers an ecological
framework similar to the mass ratio hypothesis, aiming to
deploy a given set of traits in the crop stand (i.e. the dominant
species). For example, a weed suppressive wheat crop is
indeed supposed to be tall and fast-early growing. On the
other hand, services like disease reduction have been thor-
oughly explored on the basis of a diversity hypothesis.

The major advantage of focusing on identity from a function-
al point of view, instead of just choosing from a range of
homogeneous cultivars, is that the crop traits required to be
mostly uniform can be addressed without necessarily
maintaining a high homogeneity level in the entire phenotype.
Fridley et al. (2007) suggested that effective grassland conser-
vation and restoration rely not just on identifying ‘the right
genotypes’, but also on ensuring genetic variation at a finer
scale. Similarly, once clarified what is the desired ‘functional
identity’ of a wheat crop stand, as regards, e.g. traits related to
optimal weed suppressive ability or N use efficiency, there is
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room to integrate heterogeneity for other sets of traits, e.g.
resistance to multiple diseases.

Functional identity can as well help clustering different
cultivars into ‘functional types’ related to key traits or services.
An example is the growing debate on employing old vs.
modern wheat cultivars. Many works showed that key traits
have changed throughout breeding development in the second
half of the twentieth century, suggesting that old cultivars
(those released from the earliest formal breeding programmes)
may carry given functional identities that are different from
modern cultivars. Besides the reduction in height obtained
through exploitation of dwarfing genes, generally considered
as a turning point in wheat improvement (Milach and Federizzi
2001), Isidro et al. (2011) and Motzo et al. (2007) reported on
increased earliness and progressive loss of photoperiod sensi-
tivity in Italian and Spanish modern durum wheat cultivars.
Furthermore, Murphy et al. (2008) highlighted a progressive
reduction in height and coleoptile length of spring wheat,
possibly related to a decline in its weed suppression ability.
Stagnari et al. (2013) clearly discriminated the good input
responsiveness of modern cultivars against the good perfor-
mance of old cultivars in limiting environments, encouraging
the use of the latter in organic farming. In contrast, Guarda
etal. (2004) suggested that modern cultivars are more suitable
than old ones even in limiting environments, due to an intrin-
sically optimised N uptake and use efficiency. Lack of a
general agreement on the use of old vs. modern cultivars in
contemporary low-input and organic agriculture suggests that
a functional identity approach should encompass the target
agroecosystems and farmers’ objectives, as well as social
expectations, e.g. in terms of overall produce quality (Dinelli
etal. 2013).

4.2.2 Identity and heterogeneity of the seeds

In an attempt of simplifying the problem of the identities ‘to be
sown’, we assume that a farmer can either (a) sow a pure,
uniform cultivar, (b) constitute a mixture of uniform cultivars
or (c) sow and resow a heterogeneous bulk population. This
raises the problem of the identity of seeds. In fact, while in the
first and second cases we deal with known cultivars, in the
third case, it needs to be clarified what we are dealing with.
The crucial issue is that diverse populations, when propagat-
ed, are subjected to changes due to natural selection, plant—
plant interactions and environmental pressure. This is clearly
contrasting with the requirements of cultivar distictness and
phenotypic stability, i.e. the ability to exactly predict the
identity of the material that we are growing.

Murphy et al. (1982) addressed the problem of the compo-
sitional stability of multiline cultivars, trying to understand
whether these seeds would better be considered as cultivars or
blends. Multilines are basically mixtures of near-isogenic,
bulk-reproduced lines. The problem shown by these authors

is a differential survival rate of near-isogenic lines across
generations, and the risk that such changes in survival rates
could be unpredictable and favour less useful genotypes. This
problem is worsened when dealing with bulk populations
where intraspecific competition may have an even stronger
impact. Competition between tall and dwarf wheat genotypes
was studied by reproducing both bulk physical mixtures
(Khalifa and Qualset 1974) and bulk hybrid populations
(Khalifa and Qualset 1975), showing a competitive advantage
of tall genotypes and, in the case of hybrids, a net increase in
height across generations, followed by stabilising selection for
intermediate height.

In composite cross populations, there is evidence that
macro-environmental conditions are the main determinants
of natural selection-driven evolution, as demonstrated for a
population grown over a decade in a multi-site experiment in
France (David et al. 1997). An important role in shaping
genotype frequencies in a composite cross population might
also be played by specific stresses, as suggested by Ibrahim
et al. (1996) for disease pressure. This evidence is useful to
orientate evolution in the direction of target management
regimes. For example, Thapa et al. (2010) successfully docu-
mented divergent shifts in growth habit of a bulk population
reproduced in two contrasting cropping systems, one of which
was conventional wheat growing while the other included
grazing during vegetative stages. The population reproduced
in the grazed system became more adapted to this double-
purpose wheat management. This suggests that management
systems may be considered a selection tool and that, in re-
verse, intra-specific diversity enables populations to enhance
their fitness in specific management systems.

The choice of parental germplasm can be very important in
predicting the evolution of a composite cross population iden-
tity (Doring et al. 2011). Through parental choice, the sets of
traits expected to be homogeneous are determined, resulting in
the functional identity of the population. For example, in com-
mon wheat, it has been tried to obtain highly heterogeneous
populations still expressing an identity similar to their parentals
regarding high yield and/or quality (Wolfe et al. 2006).

Therefore, we can reasonably argue that heterogeneous pop-
ulations like composite cross populations do have an identity,
although continuously shaped by natural selection. Such dy-
namic identity cannot be conventionally certified, as evolution-
ary processes may significantly modify single genotype fre-
quencies in different subsets of each population grown sepa-
rately. In this perspective, a research effort would be needed to
better describe evolutionary processes by (a) ascertaining the
scale of local adaptation, (b) identifying stronger and weaker
evolutionary pressures and (c) establishing criteria to determine
whether or not separate subsets of the same original population
can be considered different. This would also allow to foresee
alternative cultivar identification approaches, useful to over-
come the current illegal status of diverse seeds for trade and
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exchange in the European Union (Doring et al. 2011; Howard
2009). Current directions for an identification framework of
evolutionary populations are to combine parental identity with
cultivation history of the population in a ‘certified traceability’
system (Winkler et al. 2013).

4.3 Functional composition and functional diversity
of the crop stand

Diversification can be implemented through a wide array of
strategies, from improved crop rotation design and intercropping
to (re)sowing heterogeneous populations. These strategies in-
volve different ecological processes that need to be optimised.
This can be facilitated by attributing each strategy to either
functional composition or functional diversity, as shown by the
scientific debate around grasslands. In fact, when compared to
species richness and identity, both functional diversity and func-
tional composition appear as the main determinants of plant
productivity, plant N accumulation and light interception in
grasslands (Tilman et al. 1997). Instead, some processes are better
explained through functional composition effects. As an exam-
ple, soil carbon and N accumulation rates, although increased in
highly diverse mixtures of grassland species, are especially en-
hanced by the co-presence of N,-fixing legumes and C, grasses
(Fornara and Tilman 2008). On the other hand, the stability and
buffer capacity of ecological processes possibly require function-
al diversity, as suggested by studies on genetically diverse crops
and their enhanced resistance to biotic and abiotic stresses
(Ceccarelli et al. 2010; Finckh 2008; Finckh et al. 2000).

4.3.1 Functional composition in species and cultivar mixtures

As most ecological studies addressed species diversity, it is
easy to recognise the role of functional composition while
dealing with intercropping or living mulch strategies. Once
stated the main objective of these practices, e.g. weed sup-
pression (Hartwig and Ammon 2002) or increased N use
efficiency (Tosti and Guiducci 2010), the most important
decision mainly addresses the functional identity of the two
components, usually a cereal cultivar (Hiltbrunner and
Liedgens 2008) and a legume species (Hiltbrunner et al.
2007b) or cultivar (Davis and Woolley 1993). Instead, it is
less clear which mechanisms should we focus on when deal-
ing with genetic diversity.

In cultivar mixtures, better yield performance is commonly
found than in component cultivars (for a comprehensive dis-
cussion and quantification of mixture advantages, see Kiaer
et al. (2009)). However, little knowledge of the mechanisms
driving this effect limits the application of this strategy
(Juskiw et al. 2000; Kier et al. 2012). In literature, mixture
advantages in yield were often associated with the presence of
specific limiting factors, such as diseases (Akanda and Mundt
1997; Newton and Guy 2009) or pests (Vera et al. 2013).
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In fact, the potential of cultivar mixture in reducing diseases
is the most studied aspect of this practice in many different
crops (Wolfe 2000). Zhu et al. (2000) conducted a large-scale
experiment in ten townships in the Yunnan Province, China,
where mixed stands of rice blast (Magnaporthe grisea) resis-
tant and susceptible rice cultivars outyielded the susceptible
cultivar by nearly 90 %, leading local farmers to abandon
fungicide spraying. Wolfe et al. (1987) reported that in the
former German Democratic Republic, the use of barley cultivar
mixtures during the 1980s allowed a large-scale reduction of
powdery mildew outbreaks.

Cox et al. (2004) asserted that the presence of ‘appropriate
resistance genes targeted against specific pathogen populations’
would be critical in ensuring mixture advantage in disease
reduction as well as yield and yield stability improvement in
the presence of multiple disease pressure. This suggested a
prevailing role of functional composition over functional diver-
sity and was confirmed in the meta-analysis by Kiar et al.
(2009), who found a higher mixture advantage when compo-
nent varieties differed for critical traits such as disease resistance
levels or response to abiotic stresses and weed competition.

In cultivar mixtures, the choice of component genotypes
then becomes crucial. Ecological research showed that perfor-
mance, measured, e.g. as biomass production, of single geno-
types varies when they are mixed (Fridley and Grime 2010).
In fact, in both cultivar and species mixtures, the components
should not be chosen based on their overall performance in
pure stands, but rather on a set of critical traits enhancing their
complementarity while minimising their competition when
grown together. The composition of these traits will ultimately
determine the desired, ‘composite identity’, i.e. functional
composition, of the resulting crop stand.

Other factors are critical in predicting and enhancing culti-
var mixture performance. Sowing proportion of different com-
ponents has been addressed, e.g. by Lee et al. (2006) who
found that performance of a binary mixture in terms of yield,
grain protein content and baking quality was dependent on the
seed ratios, and that the seed ratio effect changed across
locations. Newton and Guy (2009) explored the effects of
spatial heterogeneity of the mixture in barley, by modulating
the homogenization of component seeds before sowing.
Spatially homogeneous mixtures and ‘patchy’, imprecise mix-
tures, in which the actual proportions of component cultivar in
the field varied randomly, were obtained and compared with
or without fungicide application. They interestingly found a
significant yield advantage in the patchy mixture only without
fungicide application.

Similarly, functional composition effects in intercropping
and living mulch systems are also related to other factors such
as sowing densities (Blaser et al. 2006; Hiltbrunner et al. 2007c¢).
In intercropping and living mulches, the life cycles of the two
components usually differ much more than in cultivar mixtures.
Hence, modulating the period of co-presence is critical to meet
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farmer objectives, minimise competition between components
and ensure a good establishment of both of them.

Many intercropping designs are based on concurrent sow-
ing of the two species, as in the work of Bedoussac and Justes
(2009) and Poggio (2005), who addressed pea as a companion
crop for the cereal. In some intercropping and/or living mulch
designs, the cereal crop is sown in a previously established
stand of a perennial legume. In many of the cited experiments
ran in central and northern Europe, the living mulch was sown
as a cover crop during summer (Hiltbrunner et al. 2007a, b, c;
Hiltbrunner and Liedgens 2008; Thorsted et al. 2006a, b). In
Bergkvist (2003), white clover was undersown in barley
followed by two consecutive seasons of wheat-living mulch.
In contrast, in other living mulch designs, the companion crop
was sown into an already established main crop. In Carofet al.
(2007a, b), different leguminous and grass-living mulches
were sown in early spring into an autumn-sown wheat in a
no-till system. Instead, in southern Europe, concurrent sowing
of cereal and legume companion crops is common and has
been studied, e.g. by Vasilakoglou et al. (2008) and Tosti and
Guiducci (2010). In this latter work, it is proposed to plough in
the legume before the cereal reaches the reproductive phase.

This variation in system design is related to the species
chosen, its climatic limits and life cycle, to the pedoclimatic
context and, obviously, to farmers’ priorities and objectives. As
an example, in the north central USA, Blaser et al. (2006) and
Singer et al. (2006) worked on optimising the practice of winter
undersowing of red clover in an autumn-sown cereal stand to
maximise red clover forage production. In contrast, the system
proposed by Tosti and Guiducci (2010) was mainly aimed at
optimising N availability for the cereal. Furthermore, many
systems respond to different objectives, as whole-crop harvest
for forage and silage production, whose yield and quality can
be improved by cereal-legume intercropping as compared to
monocrops (Lithourgidis et al. 2007, 2010, 2011b).

Besides accurate component choice, functional composi-
tion effects can also be addressed through dedicate breeding
programmes. In this respect, Hill (1996) proposed co-breeding
programmes, i.e. mixing the components since the early stages
of breeding to select for enhanced mixture performance, sim-
ilarly to what was envisaged by Davis and Woolley (1993) for
intercropping.

4.3.2 Functional genetic diversity in a dynamic perspective

The use of heterogeneous populations like composite cross
populations in evolutionary breeding relies on the hypothesis
that high genetic heterogeneity enables adaptation in variable
and unpredictable contexts (Ceccarelli et al. 2010; Finckh 2008;
Phillips and Wolfe 2005). Depending on the choice of parental
germplasm for the initial cross, the genetic diversity of a com-
posite cross population may be at the same time low for some
traits, which will ultimately determine the population’s identity,

and very high for other traits, which will be those most exposed
to natural selection. Genetic diversity in composite cross popu-
lations may even be enhanced by the insertion of male sterility
genes into the mainly self-pollinating wheat population to main-
tain a certain rate of cross-pollination across generations. For
example, in the European composite cross populations men-
tioned in Section 4.2.2, a further set of naturally occurring male
sterile hybrids was included in the high-quality, high-yield and
yield quality bulks of F2 progenies (Wolfe et al. 2006).

In composite cross populations, phenotypic variation of a
high number of traits, and not the precise combination between
a possibly enormous number of single genotypes, is the main
determinant of the expected advantages, in a functional diversity
perspective. Consequently, as much diversity as possible (e.g.
populations in early generations) should be deployed in target
cropping systems to enhance adaptation to those environments
(Ceccarelli et al. 2010) or to management (Thapa et al. 2010).
This documented potential for adaptability (Wolfe et al. 2013)
suggests that functional diversity is an asset for going even
beyond agroecosystem sustainability, towards a perspective of
adaptive agroecosystem management (Jackson et al. 2010).

Nevertheless, a comprehensive picture of the implications
of within-population diversity is still lacking. Present knowl-
edge has shown how evolutionary dynamics in composite
cross populations related to external selection pressures may
lead to progressive adaptation and performance improvement,
but two major questions remain open.

The first is the effect of plant—plant interactions within the
population on evolutionary dynamics and its impact on pop-
ulation performance, already discussed in Phillips and Wolfe
(2005). On this subject, Doring et al. (2011) raised three
points: (a) the evolutionary advantage of genotypes producing
more and smaller kernels over those producing less and larger
kernels, (b) a possible population drift towards the prevalence
of highly competitive, but agronomically poor genotypes, as
already pointed out by Murphy et al. (1982), and (c) a possible
trade-off between yield increase and end-use quality, e.g. grain
protein content. Knapp et al. (2013) suggested that important
inter-annual variation may mask environment-driven selection
and that selection may occur toward adaptation to grow in
mixture, with potential loss of useful mutant alleles previously
selected in conventional breeding.

The second question addresses the effect of crop genetic
diversity on weed reduction and nitrogen use efficiency. Some
grassland experiments offer interesting insights on how genet-
ic heterogeneity of coexisting populations may shape plant
communities. Trait variation (Bilton et al. 2010), morphology
variation and interspecific neighbouring relationships (Fridley
et al. 2007; Whitlock et al. 2010) can favour interspecific
competitive equivalence and species equitability (Fridley
and Grime 2010). In an arable system, would these effects
result in a competitive advantage of the crop over the weeds?
Under which conditions?
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5 Discussion

We proposed the use of three functional categories, functional
identity, functional composition and functional diversity, to bet-
ter frame the mechanisms ensuring positive agrobiodiversity
effects. These categories are not mutually exclusive. On the
contrary, their integration opens the path for new innovation
strategies. A wheat cultivar with a functional identity aimed at
providing a given service, e.g. weed reduction, could compre-
hend an amount of functional diversity, e.g. to buffer climatic
unpredictability, and be associated with a companion crop, e.g.
to improve N use efficiency through functional composition
effects. The utility of this framework has to be tested, however,
in relation with concrete innovation strategies embedded in
concrete cropping, farming and agricultural systems (sensu
Borin and Ceccon 2002). The implementation of strategies
related to each of the functional categories and the contribution
of the proposed framework to future developments in agroecol-
ogy are hereafter discussed.

How can a functional identity be defined and obtained?
The key traits of a functional identity can hardly be defined
irrespective of the agroecosystem in which they are supposed
to work. There is increasing experimental evidence that higher
yield in organic wheat can be better obtained through direct
selection in organic farming systems rather than through indi-
rect selection in conventional systems (Murphy et al. 2007).
Hence, specific breeding programmes for organic or low-input
cropping systems (Arterburn et al. 2012) should be encour-
aged, in order to reduce reliance of these systems on conven-
tional breeding that often provides suboptimal cultivars.
However, this would only solve part of the problem, as organ-
ic and low-input cropping systems have an intrinsically higher
environmental variation than conventional systems. It is worth
remembering that Dambroth and El Bassam (1983) defined
‘low-input varieties’ as ‘adapted for specific ecological and
growth conditions’. Literature reviewed for N use efficiency
suggests that functional identities related to this service are
better defined as embedded into specific pedoclimatic condi-
tions, rather than according to an absolute potential to provide
the service (Baresel et al. 2008; Sylvester-Bradley and
Kindred 2009). This should then encourage organization of
decentralised breeding programmes, which has already prov-
en more efficient than centralised ones in marginal areas
(Ceccarelli 1994). The inclusion of farmers in decentralised
participatory plant breeding programmes (Ceccarelli et al.
2000, 2003) would also allow meeting the objectives and
needs of local farming systems, in terms of environmental
adaptation, end-use expectations and technical, ecological,
social and economic constraints (Desclaux et al. 2012).

Are functional composition effects easy to obtain? The use
of cultivar mixtures, intercropping and living mulches is more
limited than we would expect according to the results of
scientific works. System design, in terms of adequate choice
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of components (cultivars and/or species to mix), their propor-
tions and the modality of their deployment in the field, may
represent a bottleneck that hinders the spread of these strate-
gies. As pointed out by Kier et al. (2012), it is unrealistic to
provide farmers the amount of information necessary to plan
cultivar mixtures, given the limited time of commercial culti-
vars availability on the market, as many cultivar combinations
and relative seed rates would need to be tested. Some methods
have been proposed to speed up the identification of optimal
cultivar combinations. A first approach suggests that testing
binary mixtures in wheat would enable discarding suboptimal
pairs and thus facilitate the constitution of complex mixtures
(Lopez and Mundt 2000; Mille et al. 2006). A second ap-
proach encourages the direct use of pure-line evaluation data
to constitute useful mixtures, as proposed by Helland and
Holland (2001) and Kier et al. (2012). Both approaches can
be facilitated through a research effort aimed at (a) identifying
the critical traits influencing the combining ability and intra-
specific competition, e.g. tillering or height, and (b) broaden-
ing the range of traits analysed in cultivar evaluation trials. If
these information were available, the use of cultivar mixtures
would meet specific objectives rising from local constraints or
needs, such as reduction of given diseases, yield stabilisation
or ensuring given quality parameters.

Functional composition effects sought by species associa-
tions imply deeper modification of the cropping system com-
pared to a wheat sole crop. System design should indeed
respond to farmers’ objectives, pedoclimatic constraints and
technical feasibility. Fukai and Midmore (1993) proposed a
seven-step, cyclic method to conduct adaptive research on
intercropping in farmers’ fields: (a) identification of the
expected agronomic and economic advantage, (b) determina-
tion of candidate crops responsiveness to major limiting fac-
tors, (c¢) choice of associated crops, (d) determination of inter-
specific competitiveness, (e) adjustment of interspecific com-
petitiveness, (f) cultivar choice and (g) identification of new
system designs or new associations. These authors emphasised
how technical adaptation to manage mixed-species systems can
be a major bottleneck for farmers’ adoption: species associa-
tions requiring little adaptation effort were more easily adopted
by farmers. Methods to facilitate the optimisation of both
cultivar and species associations emphasise that priority efforts
should be directed to (a) increase information on crop traits
related to ecosystem services and intra- and interspecific rela-
tions and (b) test decision support systems facilitating the
planning and optimisation of cultivar and species associations
as embedded in local agroecosystems.

How to optimise crop functional diversity effects? Legal
restrictions to the commercialisation and use of heterogeneous
seeds are so limiting nowadays (Winkler et al. 2013) that impli-
cations, advantages and disadvantages of this approach to func-
tional diversity are hard to discuss because of the lack of
concrete experiences. However, we can foresee that functional
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genetic diversity can be useful for given traits and disadvanta-
geous for other traits which, in turn, are better addressed through
a functional identity approach. Discrimination between these
two sets of traits, again, has to be sought in local agroecosystems
and may be facilitated by the approach of composite cross
populations. The choice of parentals may indeed direct the
functional identity of the population, e.g. towards a high grain
quality (Wolfe et al. 2006), while ensuring a high diversity for
other traits, e.g. disease resistance (Goldringer et al. 1998) or
adaptation to given management regimes (Thapa et al. 2010),
that would be submitted to (agro)environmental selection in a
plurality of contexts (Enjalbert et al. 2011).

Practical limits to the use of functional genetic diversity
arise when, for some traits, there is a trade-off between the
ecological value of diversity and its technical management. As
an example, high variation in flowering time can buffer
unpredictable environmental stresses (Kairudin 1991) and
fasten evolution of locally adapted populations, but it can
result as well in heterogeneous ripening, which can be a
problem for mechanical harvest. Genetically diverse cultivars
may also pose two orders of sanitary problems: (a) local seed
saving and resowing, which is the key process of the evolu-
tionary breeding approach, may indeed increase vulnerability
to seed-borne diseases (Doring et al. 2011) and (b) fully
disease-susceptible genotypes may occur in the offspring of
crosses, which would need careful screening before popula-
tion bulking and release in the field. Research is nowadays
focussing on these sanitary issues (Borgen 2013). The risk that
intra-specific competition could select for less useful geno-
types is a further disadvantage of increased functional diver-
sity (Knapp et al. 2013). On the other hand, the general
advantage of diverse populations is that their evolution can
easily be directed, corrected or fastened by direct selection
(Dawson and Goldringer 2012). In parallel, we think that
defining boundaries, in terms of both ‘which traits to diversi-
fy’ and ‘how much diversity to confer to these traits’ could
help designing, constituting and managing useful diverse
wheat populations.

Moving beyond the field scale, general limits and threats to
the strategies taken into account in this review may arise. An
example is the limitedness of disease reduction strategies
when addressed only at a field scale. For example, Carson
(2009) showed that oat multiline cultivars may also select for
complex virulence and ‘super-races’ of crown rust (Puccinia
coronata f. sp. avenae). This suggests that no cultivar, be it
homogeneous or heterogeneous, can provide a fully durable
resistance. Hence, the approach of resistance deployment on a
landscape scale is gaining interest (Fabre et al. 2012; Garret
et al. 2006; Papaix et al. 2011).

Can agrobiodiversity-based innovations exhaustively re-
spond to worldwide challenges for future agroecosystems? At
a global scale, projections for significant rise of food demand in
the near future (Jaggard et al. 2010) and for negative impacts of

climate change over agricultural productivity (Olesen et al.
2011) are nowadays milestones for future developments in
agriculture. The dramatic increase in yields obtained in the
second half of the twentieth century has been strongly depen-
dent on external inputs (Reidsma et al. 2010), a paradigm
which is increasingly questioned for its environmental impact
and, as such, not really suitable as mainstream for future
developments (Cassman 1999). Furthermore, current cereal
yields are widely reported to be stagnating in Europe due to
low resource use efficiency in cropping systems (Mueller et al.
2012), increased vulnerability to environmental unpredictable
variation (Olesen et al. 2011) and also agronomic causes, like
cropping system simplification and reduced inclusion of le-
gumes in rotations (Brisson et al. 2010).

We think that framing agrobiodiversity use according to
functional identity, functional composition and functional di-
versity can play a role in the paradigm of ecological intensi-
fication, as addressed by Doré et al. (2011), i.e. agroecosystem
management based on ecological processes and biological
regulation. In this context, we think that the contribution of
agroecology, as a science, a movement and a practice (Wezel
et al. 2009) would be very important to direct future develop-
ments in agriculture.

6 Conclusion

Under the umbrella of agrobiodiversity for sustainable wheat
production, we found a wide range of hypotheses, objectives
and solutions. Breeding of ad hoc cultivars, integrating le-
gumes in the crop stand, using cultivar mixtures and
implementing new approaches like evolutionary breeding are
all pathways to enhance the provision of key agroecosystem
services. Nevertheless, although sharing a common goal, these
strategies rely on different ecological bases. Present knowledge
does not address this clearly, thereby limiting the efficacy of
agrobiodiversity-based solutions.

To be successful, the use of agrobiodiversity should be
embedded in the agroecosystem design. Too often, the quest
for alternative, sustainable cropping systems has led to mimic
conventional cropping systems by prioritising input substitu-
tion, as, e.g. seen for organic farming ‘conventionalisation’
(Darnhofer et al. 2010). In contrast, agrobiodiversity should
better be considered as the basis to redesign sustainable
agroecosystems by mimicking natural ecosystems (Malézieux
2012). Concrete achievements in making wheat production
more sustainable will depend on further understanding the
mechanisms linking crop traits to agroecosystem services.

Functional identity, functional composition and func-
tional diversity can constitute a useful framework to
encompass the plurality of agrobiodiversity-based solutions
by better targeting the links between crop traits and
agroecosystem services. Moreover, these interdependent
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functional categories can be directly linked with strategic,
tactic and operational issues, allow deeper integration between
breeding and management and thus fully highlight the poten-
tial of agrobiodiversity to concretely improve sustainability.
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