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Deployment  of diversity  at the species  and at the  genetic  levels  can  improve  the  ability  of crops  to
withstand  a  wide  range  of  biotic  and  abiotic  stressors  in organic  and  low-input  cropping  systems,  where
the  response  to stresses  through  external  input  is  limited  or  restricted  in comparison  with  conventional
systems.  Although  there  are  several  strategies  to use  agrobiodiversity  in  wheat-based  systems,  their
implementation  is limited  by the  lack  of  a clear  relationship  between  agrobiodiversity  and  provision  of  key
agroecosystem  services.  In a three-year  field  trial in Central  Italy  we  compared  common  wheat  Italian  and
Hungarian  pure  lines,  Italian  old  cultivars  and Hungarian  and  British  Composite  Cross  Populations  (CCPs),
grown  with  or without  a contemporarily  sown  Subterranean  clover  living  mulch.  We  aimed  at  linking  crop
performance,  in  terms  of  yield,  weed  reduction  and disease  susceptibility,  to  three  categories  of  functional
diversity:  (1)  functional  identity,  represented  by the identifying  traits  of  cultivars,  (2)  functional  diversity,
represented  by the  genetic  heterogeneity  of wheat  crop  population,  and  (3)  functional  composition,
represented  by  the co-presence  of  wheat  and  the  living  mulch.

Concerning  cultivars,  effects  of functional  identity  were  predominant  for  weed  reduction  and  grain
yield.  Old  cultivars  tended  to better  suppress  weeds  but to  be  less  yielding.  Italian  cultivars  were  more
advantaged  than  cultivars  of  foreign  origin,  thanks  to  a  better  matching  of their growth  cycle  into  local
climate.  Functional  diversity  effects  on  yield  and  weed  reduction  were  confounded  with  identity  effects,
given  that  all  the  CCPs  were  of  foreign  origin.  In fact, the  performance  of CCPs  was  generally  aligned  with  a
central-European  pure  line.  However,  differences  in  yield  components  suggest  that  CCPs  can  evolve  pecu-
liar yield  formation  strategies.  Moreover,  CCPs  were less  susceptible  than  pure  lines to  foliar  diseases.  For
functional  composition,  the living  mulch  was  able  to reduce  dicotyledonous  weed  abundance  and  weed
biomass  without  reducing  wheat  yield  unless  wheat  was  poorly  established.  Despite  the  strong  mor-

phological  and phenological  differences  among  the  tested  cultivars,  no interactions  were  found  between
cultivar  and  living  mulch  presence,  suggesting  that,  in  conditions  similar  to our  experiments,  there  is
room  to  freely  combine  elements  of  crop  diversity.  Crop  diversification  strategies  in  wheat  should  be
further  explored  and  optimized,  especially  by  constituting  CCPs  from  locally  adapted  germplasms  and

ity  an
by improving  the  feasibil

. Introduction

Common wheat (Triticum aestivum L.) and durum wheat
Triticum durum Desf.) are the leading crops for human nutrition
n Europe and in most temperate regions worldwide, and as such,

hey are facing the challenge of being produced more sustainably,
ith reduced levels of external inputs. In this respect, wheat is the

ereal crop with the largest acreage under organic management.
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The most recent figures available show that in 2012 the total area
grown worldwide with organic cereals totalled to 2,652,864 ha, of
which wheat represented ca. 42% (Willer and Lernoud, 2014).

Wheat production faces a wide range of constraints, notably
weed competition, diseases, reduced nutrient availability and cli-
mate unpredictability. In organic and low-input systems the array
of external inputs able to buffer these constraints is limited, which
prevents farmers from obtaining high and stable yields. Several
authors have been calling for a paradigm shift in wheat production,
to facilitate the transition of wheat production from conventional

to organic and low-input cropping systems (Wolfe et al., 2008).

Adaptation of wheat crops to organic and low-input cropping
systems – these latter intended, in the context of our paper, as
cropping systems managed with little or no use of external inputs,
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Fig. 1. Monthly rainfall (left) and maximum (—) and minimum (− − −) daily temperature (right) during the three growing seasons.

Fig. 2. Average number of supplementary tillers plant−1 during full tillering stage of wheat cultivars in Year 1 (16 April 2011), 2 (22 February 2012) and 3 (15 January 2013)
o
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f  Trial #1. P-values of orthogonal linear contrasts are indicated.
OC  = Mix of Old Italian Cultivars; BLR = cultivar Bolero; MMC  = Mixture of Modern C

ield-Quality CCP. ‘OLD vs MOD’ = Old vs. Modern cultivars; ‘PL vs CCP’ = Pure Lines

ncluding these managed by resource-poor farmers (Ceccarelli,
996) – and to local agro-climatic conditions at a finer scale
Ceccarelli, 1989) have generally emerged as the main targets of
ovel wheat breeding approaches. As a result, Value for Cultivation
nd Use (VCU) testing protocols and breeding programmes ded-
cated to organic farming are now available (Foletto, 2008; Jones
t al., 2003). Further, more interest on old wheat cultivars is re-
merging (Mason and Spaner, 2006; Stagnari et al., 2013).

Diversification of the crop stand is part of the overall strat-
gy to improved wheat performance in organic and low-input
ystems, based on the potential of diversity to deliver agroecosys-
em services (Newton et al., 2009). Regarding diversification at the
enetic level, there is a vast literature on cultivar mixtures (Kiær
t al., 2009; Mundt et al., 1995, 1994; Wolfe, 2000) and there is an

ncreased attention on new types of cultivars characterized by high
enetic diversity (Wolfe et al., 2008). The most important example
f the latter approach is the use of Composite Cross Populations
CCP): progenies of half-diallel crosses between a given number
rs; EMS  = cultivar Mv Emese; Eli = Elite CCP; HU1 = Hungarian CCP 1; OYQ = Organic
P; ‘PL IT vs HU’ = Pure Lines Italian vs Hungarian Cultivars.

of parental genotypes, left growing in field conditions and repro-
duced through a cycle of harvest and re-sowing. This is expected
to make the crop able to adapt to local environmental and man-
agement conditions through natural selection (Goldringer et al.,
2006; Rhoné et al., 2008), according to the approach of Evolution-
ary Breeding (Döring et al., 2011; Phillips and Wolfe, 2005; Suneson,
1956). Regarding diversification at the species level, the strategy
of mixing wheat with other crop species has also been explored.
In this respect, the use of legume species as intercrops of living
mulches is mainly focused on improving weed reduction (Hartwig
and Ammon, 2002) and nutrient use efficiency (Stern, 1993).

Overall, crop and cropping system diversification, both at the
genetic and at the species level, appears as a key strategy to
buffer environmental variation and to optimize resource use effi-

ciency. However, advantages of diversity are not to be taken for
granted, as not necessarily higher diversity results in better pro-
vision of agro-ecosystem services (Ratnadass et al., 2012). Several
tradeoffs between different services may  emerge, e.g., the creation
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Table  1
Average soil characteristics in the experimental sites.

Sand % Silt % Clay % pH Organic matter %a Total N g Kg−1b P ppmc

Trial #1 43.7 33.3 23.0 8.47 1.62 1.10 12.9
Trial  #2 66.3 15.2 18.5 8.03 2.75 1.38 9.34
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a Walkley–Black method.
b Kjeldahl method.
c Olsen method.

f a microclimate favourable to the development of diseases in
heat/legume intercropping (Chen et al., 2007). On the other hand,

uccess stories are often limited to case-by-case situations. For
xample, experiments on cultivar mixtures often show that some
ixtures are advantageous in terms of yield, while some other are

ndifferent or even detrimental (Dai et al., 2012; Mengistu et al.,
010). Therefore, deeper investigation of the mechanisms which
ranslate crop diversity in improved services, involving crop traits
nd their interactions, is needed. At the same time, research on
rop diversification is not exhaustively informative. As an example,
dvantages in cultivar mixtures are frequently found when com-
ared to their pure components. This kind of results does not imply
hat the performance of cultivar mixtures is comparable or better
han that of, e.g., a cultivar having resulted as the best performing
or a certain period of time into a target area, which could be of
reater agronomical interest (Kiær et al., 2012).

In Costanzo and Bàrberi (2014), after reviewing diversification
trategies related to the main agroecosystem services in wheat,
e proposed a categorization of functional agrobiodiversity, to

elp linking crop traits to agroecosystem services. We  categorized
unctional agrobiodiversity into (i) Functional identity, i.e., a set
f homogeneous crop traits related to the expression of a service,
ii) Functional composition, i.e., the complementary effect of co-
ccurring traits, mainly through complementation and facilitation
etween effect traits (sensu Hooper et al., 2002), expressed by co-
ccurring elements, and (iii) Functional diversity, i.e., the direct
ffect of heterogeneity within the crop stand, through e.g. com-
ensation among response traits (sensu Hooper et al., 2002), on
he expression of given agroecosystem services. This categorization
ould be meaningful as long as it can help cropping system-related
ecision-making: functional identity addresses cultivar or species
hoice, functional composition addresses the choice of optimal cul-
ivars or species to combine in cultivar mixtures or intercrops,
nd functional diversity can address e.g., the choice of parental
ermplasms to constitute a CCP. In this work, we tested the effect
f these three categories on organic wheat production, with special
ocus on yield and weed reduction, as main target agroecosystem
ervices, by comparing cultivars with different functional identities
nd varying level of genetic diversity, grown either as wheat only or
ith a legume living mulch. The experiment was not designed for,

or aimed at a rigorous separation of diversity and identity effects.
owever, using the categorization explained above, we aimed at

educing the confounding effects of diversity and identity. Thereby,
e tested the hypothesis that crop diversification can improve
heat performance in terms of weed reduction and yield and, more

pecifically, that wheat performance is affected by (i) cultivar func-
ional identity, (ii) cultivar functional diversity, increased through
ultivar mixtures and CCPs, and (iii) co-presence of a legume living
ulch.

. Materials and methods
.1. Experimental site and agronomic management

A field trial, hereafter “Trial #1”, was carried out in three subse-
uent seasons, from 2010/11 to 2012/13. This trial was embedded
in the Mediterranean Arable System Comparison Trial (MASCOT), a
long-term experiment started in 2001 comparing organic and con-
ventional stockless management system, based on the following
five-year crop rotation: maize (Zea mays L.), durum wheat (T. durum
Desf.), sunflower (Helianthus annuus L.), pigeon bean (Vicia faba L.
var. minor), and common wheat (T. aestivum L.), with a hairy vetch
(Vicia villosa L.) green manure preceding maize and sunflower in
the organic rotation only (Bàrberi and Mazzoncini, 2006). The MAS-
COT long term experiment occupies a total area of ca. 24 ha in the
“Centro Interdipartimentale di Ricerche Agro-Ambientali ‘Enrico
Avanzi”’ (CIRAA) of the University of Pisa (Italy), located in the
coastal plain of Pisa (Tuscany, Italy) at 1 m above sea level (43◦39′N;
10◦18′E). A second wheat field trial, hereafter “Trial #2”, was car-
ried out at CIRAA in the 2012–2013 growing season in a certified
organic field following a forage mixture of Trifolium incarnatum L.,
Vicia sativa L. and Lolium multiflorum Lam. and previously unculti-
vated. The average soil characteristics of the two experimental sites
are shown in Table 1.

In both trials, soil was ploughed at a depth of 25 cm and fer-
tilised with 1 t ha−1 of NUTEX organic fertiliser (pelleted manure,
N/P2O5/K2O = 3/3/0) prior to wheat sowing. No fertiliser was added
during the crop cycle. Wheat was sown in 10 × 1.5 m plots in trial
#1 and in 9 × 1.5 plots in trial #2 in 15-cm distant rows. Buffer plots
of wheat were sown along field borders.

In trial #1, first year sowing had to be delayed to 9 February 2011
due to excessive rainfall in autumn 2010. In the second and third
year, wheat sowing was  done in the originally planned period (12
October 2011 and 15 October 2012). Trial #2 sowing was done on
19 October 2012. Weeds were controlled by two passes of a spring
tine harrow at wheat tillering stage (BBCH GS 21–30) in Year 1 (20
April 2011) and Year 2 (21 December 2011). Due to excessive and
continuous rainfall, harrowing could not be carried out in Year 3 in
both trials. Wheat was  mechanically harvested on 30 July 2011 in
Year 1 and on 12 July 2012 in Year 2, using a Vignoli® plot combine-
harvester. Mechanical harvest was not performed in Year 3 due to
massive crop lodging.

2.2. Factors and treatments

This work was carried out through a factorial experiment com-
bining a cultivar factor, represented by wheat pure lines, varietal
mixtures and CCPs, and the presence/absence of a legume living
mulch.

2.2.1. Wheat cultivars
Seven wheat cultivars were tested, belonging to three types: (i)

pedigree cultivars representative of modern pure lines, (ii) cultivar
mixtures of either modern pure lines or old Italian cultivar, (iii)
genetically heterogeneous cultivars, represented by three CCPs.

The pure lines were (i) Bolero (BLR), an Italian pure line widely
used in organic farming, here employed as a local control treat-

ment; (ii) Mv  Emese (EMS), a Hungarian pure line employed as a
common control treatment against local control varieties and com-
monly tested CCPs in a series of European trials included in the
EU-FP7 project SOLIBAM.
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The cultivar mixtures were: (i) a Mixture of Modern Cultivars
MMC), constituted by of seeds of four commercial pure lines –
olero, Albachiara, Blasco and PR22R58 – widely used in Central

taly, used in equal proportions; (ii) a Mixture of Old Italian Cultivars
MOC), constituted by a mixture of seeds of four historic cultivars

 Avanzo 3, Frassineto, Torrenova, Virgilio – formerly widely used
n Central Italy, used in equal proportions.

The CCPs were (see Table 1 in Döring et al., 2011): (i) Elite
CP (ELI), a Hungarian F4 progeny of 7 high-yielding and high-
uality modern Hungarian cultivars, constituted by the Agricultural
esearch Centre of the Hungarian Academy of Science; (ii) Hungar-

an CCP 1 (HU1), a Hungarian F8 progeny of 12 parentals, created in
003 with both old and modern cultivars as parentals, constituted
y the Agricultural Research Centre of the Hungarian Academy of
cience; (iii) Organic Yield-Quality CCP (OYQ), a British F9 progeny
f 20 high yielding and high quality old and modern cultivars
rom across Europe and Russia as parentals, reproduced in a British
rganic farm, constituted by the Organic Research Centre in the UK.

Seeds of cultivars Bolero, Albachiara, Blasco and PR22R58
ere directly obtained from the constitutors or main distributors.
ntreated seeds of all those cultivars were not available in Year 1
nd Year 2. Thus, conventionally treated seeds were used. In Year
, untreated seeds were available for cultivar Blasco, Albachiara
nd PR22R58, but not for cultivar Bolero. For this latter cultivar,
eeds harvested from the previous season were then used. In Year

 seeds of all cultivars were treated with a copper oxychloride solu-
ion (Caffaro® powder, 200 g L−1 solution in water), at a rate of 1 L
f solution 100 kg−1 of seeds.

All cultivars were tested in trial #1, except for MOC  which was
xcluded from the third year trials due to seeds unavailability. In
rial #2, initially planned to compare the performance of different
enerations of two CCPs, a subset of cultivars was  tested: the cur-
ent generations of ELI and OYQ CCPs, the respective generation of
hese CCP not reproduced in Year 1 [ELI1; OYQ1], the Hungarian
ure line EMS and the mixture of Italian modern cultivars MMC.

.2.2. Wheat management systems
The presence or absence of a legume living mulch was  addressed

s a second experimental factor. The living mulch was set up as
n annual intercrop by contemporarily sowing wheat at a stan-
ard density of 450 seeds m−2 and subterranean clover (Trifolium
ubterraneum L. subsp. brachycalycinum) at a density of 800 seeds

−2. In Years 1 and 2 of Trial #1, subterranean clover cv. Antas was
echanically sown in-between wheat rows with the same driller

sed for wheat, while in Year 3, both trials, subterranean clover cv.
lare was broadcast sown immediately before wheat drilling.

.3. Samplings and assessments

Rainfall, maximum and minimum temperatures were recorded
n a daily basis at the CIRAA meteorological station (43◦40′N,
0◦21′E). Temperature data were used to calculate thermal sums,
tarting from sowing dates. Growing Degree Days (GDD) were cal-
ulated for each day assuming 0 ◦C as base temperature (Garcia
t al., 2011).

Wheat crop cycle was monitored according to the BBCH decimal
cale for phenological development (Meier, 2011). We  divided crop
ycle into three phases (HGCA, 2008): (i) the foundation phase, from
owing to GS 31, including emergence and tillering growth stages,
ii) the construction phase, from GS 31 to GS 59, including stem
longation, booting and ear extrusion stages; (iii) the production
hase, from GS 59 until harvest maturity, including grain filling

nd ripening stages.

In each experiment, crop development was monitored through
henological assessments done on individual plants randomly cho-
en in each plot. The completion of ear extrusion (BBCH GS 59) was
Agronomy 76 (2016) 1–16

chosen as an indicator of crop earliness. The number of individ-
ual plants plot−1 assessed and the interval between assessments
varied according to wheat growth stage: (i) during the foundation
phase, when development and growth were slow, five to ten plants
plot−1 were assessed approximately every two  weeks, (ii) during
the construction phase, when development was  faster and variabil-
ity within wheat cultivars was  more evident, 15–40 plants plot−1

were assessed at least weekly or, in correspondence of the heading
stage (BBCH GS 51–59), twice a week.

Canopy height was  recorded every two phenological assess-
ments by measuring the height of the highest point (excluding
awns) of every plant chosen for phenological assessments.

Symptoms of the leaf spot disease complex (Pyrenophora tritici-
repentis, Mycosphaerella graminicola, Parastagonospora nodorum)
were assessed in the second and third years. Symptoms intensity
was assessed on the flag leaf of 10–20 individual plants plot−1 after
BBCH GS 65 according to a 0–9 visual scale (Stubbs et al., 1986; Flath
and Cooke, 2006), and used for the calculation of the McKinney
index of disease severity (McKinney, 1923).

Weed abundance and community composition were assessed
in each plot during late tillering stages (BBCH GS 21–30). Weed
abundance was assessed by measuring density or visually estimat-
ing cover by species in one or two quadrates plot−1 of 25 × 30 or
45 × 50 cm.  The wider quadrate was used when within-plot vari-
ability in wheat and weeds density was high. Weed cover was
estimated instead of weed density in just one quadrate when weed
abundance was too high to be accurately quantified in terms of den-
sity. Destructive samplings were carried out at BBCH GS 31 and 65
(reference growth stage of cultivar EMS). In Years 2 and 3 of Trial
#1, above-ground weed biomass at BBCH GS 31 was sampled in the
same fixed quadrates previously used to assess weed abundance. In
2012/13 one of the two quadrates used for assessing weed species
density was  sampled at BBCH GS 31 and the other at BBCH GS 65.

Wheat grain yield and yield components were assessed before
mechanical harvest. Wheat above-ground biomass was sampled
on two  (in 2011 and 2012) or one (in 2013) quadrates of 0.45 × 1 m
in each plot, placed in the central part of each plot at a distance
of at least 0.5 m from where previous destructive samples were
taken. Wheat above-ground biomass was cut at the soil level, sep-
arated from weeds and clover residues, and partitioned into spikes
and straw. Spikes were counted, weighed after being oven-dried at
60 ◦C until constant weight, and threshed, and kernels were sub-
sequently weighed. Thousand kernels weight (TKW) was obtained
by weighing five independent samples of 100 seeds plot−1 after
oven-drying at 100 ◦C until constant weight.

2.4. Statistical analysis

Field trials were organised as two-way randomised complete
block (RCB) design, and data were analysed through a two-ways
RCB ANOVA considering (i) wheat cultivar and (ii) living mulch
presence as factors. As far as the first year of Trial #1 is concerned,
a further analysis has been run after excluding experimental
units with severe crop failure (hereafter referred to as ‘selected
dataset’). Specifically, only the experimental units showing a wheat
density > 100 plants m−2 were retained, and analysed through a
two-way completely randomized ANOVA. Non parametric analy-
ses were run when data transformation was unable to homogenize
error variances. The Kruskal–Wallis rank sum test was  applied
to test the effect of wheat cultivars (treatments > 2), while the
Wilcoxon–Mann–Whitney U test was  applied to test the effect of
living mulch (treatments = 2). All statistical analyses were run using

the software “R”, version 3.0.2 (R Development Core Team, 2011).

The wheat cultivar factor in Trial #1 was split into a set of six
orthogonal linear contrasts (five in 2012/13) in order to unravel
functional identity and functional diversity effects on each response
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Table  2
Set of orthogonal linear contrasts, grouping of cultivars and specific hypothesis addressed by each contrast.

Trial #1

Contrast Cultivars groups Specific hypothesis

Contrast 1a Old vs Modern
cultivars

Old: MOVa Modern: BLR; ELI;
EMS; HU1; MMC;
OYQ

Differences between cultivars due to early vs modern
breeding programmes

Contrast 2 Pure Lines vs CCPs Pure Lines: BLR;
EMS; MMC

CCPs: ELI; HU1;
OYQ

Differences due to functional diversity and functional
identity/geographical origin

Contrast 3 Italian vs
Hungarian Pure
Lines

Italian: BLR; MMC  Hungarian: EMS  Differences due to functional identity/geographical origin

Contrast 4 Italian Pure Line
Monocrop vs
Mixture

Monocrop: BLR Mixture: MMC Mixture effect

Contrast 5 Hungarian vs
British CCPs

Hungarian: ELI;
HU1

British: OYQ Differences due to parentals, generation and geographical
origin

Contrast 6 Within Hungarian
CCPs

ELI HU1 Differences due to parentals and generation

Trial  #2
Contrast 1 Pure Lines vs CCPs Pure Lines: EMS;

MMC
CCPs: ELI; ELI1;
OYQ; OYQ1

Differences due to functional diversity and functional
identity/geographical origin

Contrast 2 Italian vs
Hungarian Pure
Lines

Italian: MMC  Hungarian: EMS  Differences due to functional identity/geographical origin

Contrast 3 Hungarian vs
British CCPs

Hungarian: ELI;
ELI1

British: OYQ; OYQ1 Differences due to parentals, generation and geographical
origin

Contrast 4 Within ELI, F6 vs F5 F6: ELI F5: ELI1 Differences due to having been grown in 2010/11 at CIRAA
Contrast 5 Within OYQ, F11 vs

F10
F11: OYQ F10: OYQ1 Differences due to having been grown in 2010/11 at CIRAA

M MS  = M
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OC  = Mixture of Old Cultivars; BLR = Bolero; MMC  = Mixture of Modern Cultivars; E
a Excluded in 2012/13.

ariable in an experimental design where the two  effects were con-
ounded. Similarly, five contrasts were set for Trial #2 (Table 2). The

ain objective of this analysis was to test the effect of CCPs against
odern pure lines. As all the CCP were of foreign origin, differences

etween CCP and modern pure lines BLR, MMC  and EMS  may  be
ue to both functional diversity and functional identity, the latter
ossibly being influenced by the different geographical origins. Lin-
ar contrasts of Italian vs Hungarian pure lines aimed at detecting
he presence/absence of a functional identity effect, mainly influ-
nced by geographical origin, over the response variable. Similarly,
he effects of cultivar mixtures were considered meaningful only
hen contrasting the mixture of Italian modern pure lines against

n individual Italian modern pure line.

. Results

Wheat crop had a very low establishment in 2010/11 (85.6 ± 4.8
lants m−2) with minimum peaks of 13.3 plants m−2 with no sig-
ificant differences either by cultivar (p = 0.15) or due to the living
ulch (0.86), indicating a severe crop failure. Data presented here-

fter for Year 1 are therefore referred to the selected dataset. In
ontrast, in 2011/12 and 2012/13, wheat establishment was  opti-
al, with 278.1 ± 4.44 and 406.0 ± 6.6 plants m−2, respectively.

.1. Climatic pattern

The three growing seasons (2010/11, 2011/12 and 2012/13) had
ery different rainfall patterns (Fig. 1). In 2010/11, total rainfall
rom October to June was  933 mm,  27.9% higher than the average of
19 mm recorded in the period 1993–2013. An amount of 548.7 mm
f rain fell from October to December, with periods without rains no

onger than four days until the end of November. A 15-day period

ithout significant rainfall (less than 0.5 mm day−1), starting on

1 January 2011, made the sowing of field Trial #1 possible on 9
ebruary 2013. After sowing, temperatures were relatively high,
ith average never lower than 6 ◦C and minimum values never
v Emese; Eli = Elite CCP; HU1 = Hungarian CCP 1; OYQ = Orgainc Yield-Quality CCP.

under 0 ◦C. High rainfall continued until the end of March, with
277 mm.  Then, a very dry period started, with 21 mm of rain in
April and only 8.2 mm in May. Temperatures were also constantly
increasing until reaching maximum peaks of above 30 ◦C which
lasted from the second week of June until crop harvest.

In 2011/12, the climate pattern was unusually dry, as only
497 mm of rain, 31% less than the 20-year average, fell from October
to June. Rainfall was concentrated in December, with 132 mm  –
85 mm  in just one event on 12 December – and April, with 159 mm.
In contrast, only 61 mm fell in the October–November period, and
only 68.4 mm from January to March. This unusually dry winter
was also characterised by relatively low temperatures, with more
than three subsequent weeks in January–February with minimum
temperature falling down to −5 ◦C and average temperature close
to 0 ◦C.

In 2012/13 the total rainfall in the October–June period
exceeded the 20-year average by 83% (1320 mm). Rainfall was  very
intense until mid-May, with a monthly peak of 297 mm in March
and daily peaks of 122 mm  on 11 November and 88 mm on 12
March. Rainfall was also almost uninterrupted, as periods with no
rainfall did not exceed 4 days until the end of May. Temperatures
were moderately high troughout the entire growing season, with
averages never lower than 6 ◦C, minimum values never under 0 ◦C
and maximum values never under 10 ◦C.

3.2. Wheat cultivar characterization

3.2.1. Phenology
Overall, the tested cultivars showed considerable differences in

terms of growing cycle length, with the Italian pure lines clearly
earlier than the Hungarian and the British ones, and the Old cul-
tivars showing an intermediate growth cycle. The CCP showed a

clearly later ear extrusion, with a two-week delay in the onset of
this stage compared to the Italian modern cultivars, while the Hun-
garian modern cultivar EMS  had an intermediate pattern, showing
a 7–10 days delay compared to Italian modern cultivars. Slight but
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Table 3
Pre-anthesis growth cycle: p-values of orthogonal linear contrasts between Pure Lines and CCP (PL vs CCP) and between Italian and Hungarian Pure Lines (PL IT vs HU).
Symbols “<” and “>” indicate whether the first term of the constrast has a lower or higher mean, respectively, than the second term.

2011 2012 2013

Thermal time (GDDs from sowing) to complete ear extrusion (BBCH GS 59)
ANOVA p for POP 3.6e−5 2e−16 2e−16

PL vs CCP 1.7e−6 (<) 2e−16 (<) 2e−16 (<)
PL  IT vs HU 0.009 (<) 3.2e−15 (<) 0.006 (<)
Thermal time (GDDs from sowing) of the construction phase, from the onset of stem extension (BBCH GS 31) to complete ear extrusion (BBCH GS 59)

7.9e−11 −9
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ANOVA p for POP 0.127 

PL vs CCP 0.085 (<)
PL  IT vs HU 0.013 (<) 

ignificant differences also emerged within the CCP, with the British
nes showing a two-days delay compared to the Hungarian ones

n all three years (Table 3).
During the early growth stages tillering ability, expressed as the

umber of supplementary tillers plant−1, followed a similar pat-
ern. Both EMS  and the CCPs had a significantly higher tillering
bility than the Italian modern cultivars in all three years. However,
ultivar EMS  had an intermediate, more variable pattern, with val-
es close to those of the CCP crosses only in Year 2. In particular, the
ritish OYQ CCP had a very stable tillering ability across years (coef-
cient of variation = 8%) and showed by far the highest production
f tillers in the late sowing condition of Year 1 (Fig. 2).

The partitioning of pre-anthesis growth into a foundation phase
 up to BBCH GS 31 – and a construction phase – from BBCH GS
1 to GS 59 – also revealed distinct patterns. The thermal units
eeded to conclude the foundation phase varied upon cultivar in
ear 1 (Kruskal–Wallis test: p = 0.0008), Year 2 (Kruskal–Wallis
est: p = 7.6e−06) and Year 3 (Kruskal–Wallis test: p = 2.8e−06) of
rial #1. CCP tended to start stem extension later than modern cul-
ivars, and within the latter, the Hungarian had a significant lag
ehind the Italian.

Significant differences were also found for the thermal time
eeded to complete the construction phase, which was  longer in
he CCP than in the pure lines BLR, MMC  and EMS. However, in this
ase, the CCP pattern was not aligned with that of cultivar EMS,
hich construction phase was as long as that of the modern Italian

ultivar (Table 3, Fig. 3).

.2.2. Canopy height
Wheat cultivars were highly differentiated upon canopy height,

nd their ranking based on height changed according to the devel-
pment phase. In all three years we observed a clearly higher
anopy in the early phases in the Italian pure lines cultivars BLR
nd MMC. Taller canopy of Italian pure lines during tillering was
ainly linked to their erectophile growth habit. In contrast, the
ungarian pure line EMS and all the CCPs had a markedly prostrate
rowth habit.

Instead, during the stem extension phase, the CCPs and EMS  had
 faster height increase, and became taller, than BLR and MMC. The
eight ranking was then inverted at crop maturity, with the CCPs
howing a significantly taller canopy than the pure lines. Within
he latter, the Hungarian was taller than the Italian ones.

The MOC  showed a clearly distinct pattern from any other tested
ultivar. Its canopy height was similar to that of BLR and MMC  dur-
ng the Foundation phase, while it showed a fast height increase
uring the Construction phase. As a result, the MOC  had a 37% taller
anopy than all the other cultivars both in Year 1 and 2 of Trial #1
Table 4).
.2.3. Response to diseases
Among biotic stresses, we observed outbreaks of the leaf spot

isease complex. The CCPs showed a good tolerance to these
athogens. Severity of symptoms on flag leaves, expressed by the
4.0e
e−9 (<) 3.1e−11 (<)
e−5 (>) 0.081 (<)

McKinney Index, was affected by the cultivar in Year 2 and Year 3
of Trial #1 and in Trial #2. The CCP showed lower disease severity
than the pure lines and, among these latter, the Hungarian EMS  was
significantly more affected than the Italian pure lines BLR and MMC.
Interestingly, in Trial #2 the presence of the living mulch reduced
severity of the leaf spot complex by 37% on average (Fig. 4).

In spring 2013, wheat in Trial #1 was  affected by severe lodg-
ing. Two main causes were identified for this problem: (i) the
occurrence of storms during May  and (ii) an outbreak of stem-base
diseases. Clear symptoms of eyespot (Oculimacula yallundae) were
detected on the stem base of wheat plants in all the tested culti-
vars. No clear differences between cultivars were detected in terms
of occurrence of eyespot symptoms and lodging susceptibility. All
the tested cultivars were completely lodged in half of the exper-
imental field. In the less damaged part of the field, only 3 out of
8 plots of the Italian pure lines showed low lodging, while all the
other plots were uniformly affected.

3.3. Crop-weed interactions

3.3.1. Wheat and weed biomass
Wheat biomass pattern showed that the Italian cultivars had a

faster growth than the Hungarian and British cultivars during the
early stages. In field Trial #1 we found clear differences in terms
of early crop biomass production between cultivars at BBCH GS 31.
Except in 2010/11, when no differences were found, the pure lines
produced a higher biomass than CCPs and with higher values in BLR
and MMC  than in EMS. At wheat flowering (GS 65), the biomass of
wheat cultivars maintained a similar pattern.

These patterns were partly consistent with differences in weed
biomass accumulation. In 2011/12, weed biomass at GS 65 was sig-
nificantly lower in MOC  than in all the other cultivars by 43% on
average. No differences were found between pure lines and CCPs
(p = 0.40) but, within the pure lines, weed biomass in BLR and MMC
was 28% lower than in EMS  (Fig. 5).

In 2012/13, weed biomass at GS 31 was 18.6% lower in the
pure lines than in CCPs, with 18.3% lower values in BLR and
MMC than in EMS  (Fig. 6). Wheat and weed biomasses at GS31
were clearly negatively correlated (n = 48, Pearson’s r = −0.602,
p = 6.06e−6). However, no differences in weed growth at wheat
flowering (GS 65) could be attributed to wheat biomass differences
among cultivars.

3.3.2. Living mulch effects on wheat and weeds
Subterranean clover exhibited variable growth patterns among

years and, consequently, it showed variable effects on wheat and
weeds. In Trial #1, clover early growth, measured at the onset of
wheat stem extension, was relatively low in all three years. How-

ever, successive clover growth varied considerably among years.
For example, clover biomass at wheat GS 65 was  97% higher in Year
3 than in Year 2. This was  probably due to the very cold and dry win-
ter climate in Year 2. Moreover, in Year 3 (Trial #2), clover growth
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Fig. 3. Thermal time (Growing Degree-Days, GDD) of pre-anthesis growth stages, divided into Foundation phase, from sowing to the first node visible (BBCH GS 31), and
Construction phase, from the first node visible to complete ear extrusion (BBCH GS 59) in Year 1 (2011), 2 (2012) and 3 (2013) of Trial #1. Thermal sum (GDD) average and
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tandard error of each phase is indicated into the bars.
OC  = Mix of Old Italian Cultivars; BLR = Bolero; MMC  = Mixture of Modern Cultiva

CP.

as much higher than in every year of Trial #1 at both wheat GS
1 and GS 65.

Wheat biomass at maturity was reduced by the presence of the
iving mulch by 29% in Year 1 of Trial #1 and by 33% in Trial #2
2012/13). In this latter experiment only, clover reduced wheat
rowth by 32% already at an early stage. In contrast, differences
n wheat growth due to living mulch were observed neither in
011/12 nor in 2012/13 (Trial #1) (Table 5).

Compared to the pure crop, the living mulch system significantly
ecreased total weed density at wheat late tillering (BBCH GS 30)
y 41% in Year 1 and by 30% in Year 3 of Trial #1. However, the liv-

ng mulch was not equally effective on the whole weed community,
ince it significantly reduced dicotyledonous but not monocotyle-
onous weed density (Fig. 7). Overall, we observed a consistent
eduction in dicotyledonous weeds relative abundance due to the

resence of the living mulch.

Changes in dicots/monocots relative abundance did not result
n a stable effect on weed growth. In fact, no reduction in weed
iomass at wheat BBCH GS 31 was found. Weed growth at wheat
S  = Mv  Emese; Eli = Elite CCP; HU1 = Hungarian CCP 1; OYQ  = Orgainc Yield-Quality

flowering (BBCH GS 65) was significantly suppressed by the pres-
ence of the living mulch in 2012/13, by 25.8 and 27.8% in Trial #1
and #2 respectively, i.e. those which showed the highest subter-
ranean clover growth (Table 5).

3.4. Yield and yield components

3.4.1. Wheat grain production
In the overall dataset of Year 1, wheat grain yield was  very

low with an average of 0.12 ± 0.01 t ha−1 and minimum extremes
of 0.02 t ha−1, and no significant differences were found either by
cultivar (p = 0.42) or due to the living mulch (p = 0.08). Data pre-
sented hereafter for Year 1 are therefore related to the selected
dataset. Grain yield was strongly influenced by the extreme
climatic variability of the three years of trials, with mean val-

ues of 1.18 ± 0.09 t ha−1 in Year 1, 4.04 ± 1.00 t ha−1 in Year 2,
1.42 ± 0.10 t ha−1 (Trial #1) and 0.64 ± 0.02 t ha−1 (Trial #2) in Year
3. The living mulch decreased wheat yield by 31% in Year 1 of Trial
#1 (p = 0.012) and by 51% in Trial #2 (2012/13) (p = 9.1 e—5). In both
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Table 4
Canopy height of wheat cultivars in 2010/11, 2011/12 and 2012/13 of Trial #1 recorded during tillering stage, at the onset of stem extension (BBCH GS 31) and at full anthesis
(BBCH  GS 65). Values are means ± standard error of the means.

Cultivar Height during tillering (BBCH GS 21–30) Height at the onset of stem extension
(BBCH GS 31)

Height at full anthesis (BBCH GS 65)

2010/11 2011/12 2012/13 2010/11 2011/12 2012/13 2010/11 2011/12 2012/13
cm  cm cm cm cm cm cm cm cm

MOC  11.90 ± 0.43 17.63 ± 0.76 – 28.78 ± 1.48 37.57 ± 2.00 – 75.38 ± 1.61 124.84 ± 6.02 –
Pure  lines
BLR (IT) 11.31 ± 0.55 18.47 ± 0.79 14.70 ± 0.33 28.20 ± 1.83 38.53 ± 3.25 47.28 ± 1.50 47.15 ± 1.15 72.64 ± 3.56 83.25 ± 2.30
MMC  (IT) 11.77 ± 0.41 19.27 ± 1.07 14.81 ± 0.32 29.48 ± 0.30 46.05 ± 2.43 51.75 ± 1.99 45.87 ± 0.35 76.80 ± 4.46 87.10 ± 2.65
EMS  (HU) 9.75 ± 0.32 12.77 ± 0.58 13.93 ± 0.50 25.39 ± 1.84 26.02 ± 0.81 34.38 ± 3.06 50.65 ± 0.55 92.44 ± 1.93 93.10 ± 4.02
CCPs
ELI  (HU) 9.55 ± 0.59 9.90 ± 0.52 9.03 ± 0.36 24.86 ± 1.50 27.55 ± 2.60 30.16 ± 2.24 58.16 ± 1.19 99.03 ± 5.55 97.92 ± 3.12
HU1  (HU) 8.93 ± 0.39 9.87 ± 0.39 9.59 ± 0.34 17.25 ± 0.45 26.30 ± 1.79 29.41 ± 3.29 64.14 ± 1.62 105.51 ± 4.98 99.41 ± 5.66
OYQ  (UK) 6.60 ± 0.49 9.17 ± 0.71 8.27 ± 0.28 17.06 ± 2.04 26.50 ± 1.66 30.71 ± 2.03 60.79 ± 2.03 101.63 ± 2.59 101.92 ± 2.81
Anova p-values by ‘cultivar’ and p-values of Pure Lines vs CCP and of Italian (IT) vs Hungarian (HU) Pure Lines orthogonal linear contrasts. Symbols ‘>’ and ‘<’
indicate whether the average of the first term is higher or lower, respectively, than the average of the second term of the contrast
Anova  p by ‘cultivar’ 9.9e−7 3.3e−14 <2e−16 1.8e−11 8.6e−10 <2e−16 2.6e−9 1.9e−13 2.8e−6

Old vs Modern 0.0001 (>) 1.04e−6 (>) – 9.8e−12 (>) 0.0049 (>) – 6.3e−10 (>) 2.2e−12 (>) –
Pure  Lines vs CCP 2.3e−6 (>) 1.8e−14 (>) <2e−16 (>) 3.5e−10 (>) 5.7e−8 (>) <2e−16 (>) 7.4e−09 (<) 1.3e−10 (<) 1.9e−7 (<)
IT  vs HU Pure Lines 0.006 (>) 2.2e−8 (>) 0.0497 (>) 0.028 (>) 1.3e−8 (>) 5.2e−12 (>) 0.0175 (<) 1.4e−5 (<) 0.008 (<)

MOC  = Mix of Old Cultivars; BLR = Bolero; MMC  = Mix  of Modern Cultivars; EMS  = Mv Emese; ELI = Elite CCP; HU1 = Hungarian CCP 1; OYQ = Orgainc Yield-Quality CCP; IT = Italy;
HU  = Hungary; UK = United Kingdom.

Table 5
Subterranean clover, wheat and weed dry biomass: comparison between wheat only and living mulch system in 2010/11, 2011/12 and 2012/13 (Trial #1). Anova p-values
by  ‘system’ are indicated.

Sampling date and wheat
growth stage

Subclover dry biomass
(g m−2)

Wheat dry biomass (g m−2) Weeds dry biomass (g m−2)

Living Mulch Wheat Only Living Mulch Wheat Only

2011 5 May  GS 31 35.9 ± 7.3 50.2 ± 6.4 62.2 ± 6.7 31.0 ± 6.2 39.9 ± 7.9
p  = 0.306 p = 0.347

8–15  July GS 89 n.a. 176.8 ± 15.9 249.0 ± 25.0 115.7 ± 15.7 114.2 ± 16.3
p  = 0.024 p = 0.789

2012 25  March GS 31 24.0 ± 2.3 315.1 ± 20.6 318.4 ± 26.6 65.6 ± 7.4 52.7 ± 5.6
p  = 0.890 p = 0.129

15  May  GS 65 66.3 ± 6.2 826.3 ± 32.1 794.9 ± 35.8 184.7 ± 15.9 150.5 ± 15.2
p  = 0.287 p = 0.052

2013  Trial #1 28 March GS31 30.4 ± 3.6 323.1 ± 26.7 321.0 ± 26.6 25.6 ± 1.8 26.6 ± 1.9
p  = 0.91 p = 0.588

13  May  GS65 127.9 ± 13.1 861.3 ± 53.8 840.7 ± 44.3 117.1 ± 10.1 157.8 ± 13.6
p  = 0.650 p = 0.011

2013  Trial #2 30 May  GS31 196.4 ± 19.7 109.8 ± 11.2 161.2 ± 18.3 48.8 5.2 59.8 ± 4.6
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27  May  GS65 276.5 ± 41.3

hese cases, wheat above-ground biomass production and grain
ield were generally very low and not differentiated by cultivar.
n the contrary, in the second and third year of Trial #1, no effect
f the living mulch was found on grain yield, while significant vari-
tion patterns were found among wheat cultivars (p = 0.004 and

 = 0.003 in 2011/12 and 2012/13, respectively).
In 2011/12, MOC  was the least yielding compared to all the other

ultivars. The pure lines out yielded the CCPs by 16.4% in Year 2
nd by 69.5% in Year 3 of Trial #1. However, while in Year 2 no
ifferences were found within the pure lines, in Year 3 BLR and
MC  yielded 92% than the Hungarian EMS  (Fig. 8).

.4.2. Yield components
Yield components analysis in the three years of Trial #1 shed

ight on the different yield formation strategies of the tested cul-
ivars. Ear density was never affected by wheat cultivar, but was

uite variable between years. In Year 1, ear density was very low
142.1 ± 11.1 ears m−2), mainly due to low wheat establishment.
nstead, in Years 2 and 3, ears density increased up to 383.5 ± 5.2
nd 321.8 ± 13.6 ears m−2, respectively (Table 6).
p  = 0.003 p = 0.154
186.6 ± 22.7 279.5 ± 22.4 196.9 15.8 272.8 ± 19.2
p  = 0.006 p = 0.004

In contrast, the Thousand Kernels Weight (TKW) was highly dif-
ferentiated by cultivar. In all cases, CCPs had a lower TKW than
the pure lines. However, the pure lines vs CCP and the Italian (BLR
and MMC)  vs Hungarian (EMS) pure lines contrasts were both sig-
nificant but divergent, as EMS  maintained a higher TKW than the
Italian cultivars in all years. Despite their common, foreign origin,
thus, EMS  was not aligned with the CCPs as for average kernel
weight. BLR and MMC  maintained a similar pattern in all years,
with a slight increase of the total average from Year 1 to Year 2
and an important decrease from Year 2 to Year 3 (Table 6). Low
yield of the CCPs in Year 3 seems therefore linked to a lower num-
ber of kernels ear−1, but not of spikelets number ear−1. A further
inquiry on this latter variable (13.9 ± 0.4 spikelets ear−1 on average)
showed that differences among cultivars were slightly significant
(Kruskal–Wallis test p = 0.042). However, ELI (15.8 ± 1.1) and OYQ
(14.4 ± 0.1) had significantly higher values than EMS  (12.5 ± 1.1)
(Wilcoxon–Mann–Withney test p = 0.029 in both comparisons). No
significant other differences emerged.
Harvest Index (HI) also showed differences between cultivars
not linked to geographical origin, except for Year 3. MOC  showed
the lowest HI in both Year 1 and 2 (16.8% and 22.3% less than the
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Table  6
Yield components of wheat cultivars in 2010/11, 2011/12 and 2012/13 of Trial #1. Values are means ± standard error of the means.

Cultivar Ears density TKW Harvest index (*)

2010/11 2011/12 2012/13 2010/11 2011/12 2012/13 2010/11 2011/12 2012/13

Ears m—2 Ears m—2 Ears m—2 g g g
MOC  161.1 ± 37.5 375.7 ± 10.7 – 43.6 ± 0.4 47.7 ± 0.9 – 0.42 ± 0.02 0.32 ± 0.02 –
Pure  lines
BLR (IT) 158.3 ± 27.6 390.2 ± 18.8 381.7 ± 47.5 33.3 ± 1.1 34.5 ± 2.0 27.8 ± 0.6 0.49 ± 0.02 0.43 ± 0.01 0.31 ± 0.02
MMC  (IT) 138.2 ± 35.6 401.7 ± 7.5 320.0 ± 15.07 38.0 ± 0.36 38.4 ± 0.6 30.4 ± 2.3 0.57 ± 0.01 0.43 ± 0.00 0.26 ± 0.01
EMS  (HU) 123.9 ± 28.8 385.4 ± 12.2 290.0 ± 50.2 42.7 ± 0.7 45.1 ± 0.7 33.3 ± 1.7 0.55 ± 0.01 0.43 ± 0.01 0.19 ± 0.03
CCP
ELI  (HU) 148.3 ± 11.2 354.4 ± 13.7 300.0 ± 3.1 31.7 ± 0.7 36.1 ± 0.7 26.4 ± 0.5 0.46 ± 0.02 0.39 ± 0.01 0.17 ± 0.01
HU1  (HU) 83.6 ± 16.4 371.5 ± 10.7 310.1 ± 28.9 30.0 ± 0.6 35.6 ± 0.6 27.5 ± 0.0 0.46 ± 0.1 0.37 ± 0.01 0.17 ± 0.01
OYQ  (UK) 180.6 ± 30.1 405.7 ± 19.5 328.9 ± 22.3 30.2 ± 1.1 35.7 ± 0.6 26.9 ± 1.5 0.49 ± 0.01 0.36 ± 0.02 0.18 ± 0.04
Anova  p-values by ‘cultivar’ and p-values of Pure Lines vs CCP and of Italian (IT) vs Hungarian (HU) Pure Lines orthogonal linear contrasts. Symbols ‘>’ and ‘<’
indicate whether the average of the first term is higher or lower, respectively, than the average of the second term of the contrast
Anova  p by ‘cultivar’ 0.367 0.169 0.465 3.3e—11 1.8e—15 0.010 5.7e—9 1.4e—8 0.001
Old  vs Modern ns. ns. – 7.7e—10 (>) 1.6e—14 (>) – 5.4e—5 (<) 1.6e—8 (<) –
Pure  Lines vs CCP ns. ns. ns. 4.2e—10 (>) 1.1e—6 (>) 0.004 (>) 1.1e—5 (>) 3.8e—7 (>) 0.001 (>)
IT  vs HU Pure Lines ns. ns. ns. 5.1e—7 (<) 2.8e—11 (<) 0.010 (<) 0.192 0.842 0.003 (>)
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OC  = Mix of Old Cultivars; BLR = Bolero; MMC  = Mix  of Modern Cultivars; EMS  = Mv  

U  = Hungary; UK = United Kingdom.
*) ANOVA run on arcsin-transformed values.

verage of the other cultivars, respectively). The HI of the CCPs was
ower than that of the pure lines by 14.4%, 12.8% and 30.4% in Year
–3, respectively (Table. 6).

. Discussion

In this work, we observed the development and performance,
n terms of weed suppression and yield, of cultivars of varying
dentity and level of genetic diversity grown with or without a Sub-
erranean clover living mulch, in an organic rotation across three
ubsequent seasons. These seasons were climatically very different
rom one another, resulting in huge differences in wheat perfor-

ance. In 2010/11, very low grain yield was mainly due to low ear
ensity, consequent to poor establishment of a late-sown crop. In
011/12, optimal ear density under favourable climatic conditions
upported a good yield. Instead, in 2012/13, unusually high rain-
all joint with extreme, erratic climatic events strongly reduced the
ield performance of a well-established wheat crop.

Overall, morpho-phenological functional traits, such as canopy
eight and growth cycle partitioning, were clearly differentiated by
ultivar and showed no plasticity as regards to the presence of the
iving mulch. Differences in traits among cultivars were reflected
n cultivar performance in terms of weed suppression and yield,
nd allowed clustering the tested cultivars based on either the
unctional identity hypothesis—Italian vs. Hungarian and British
ultivars, old vs. modern cultivars – or the functional diversity
ypothesis – CCPs vs pure lines. On the other hand, the living mulch
resence affected wheat growth and yield, weed biomass and weed
bundance, but the magnitude of the effects mainly depended on
ubterranean clover establishment and growth.

.1. Discerning functional identity and diversity effects on
ultivars performance

The analysis of morpho-phenological functional traits high-
ighted three distinctions between cultivar groups. First, the old
talian cultivars were constantly and considerably taller than all
he other cultivars throughout the entire growing cycle. This recalls
dentity differences belonging to breeding history, since the compo-

ents of MOC  were released before the widespread use of dwarfing
enes in wheat breeding (Milach and Federizzi, 2001).

Second, the Italian pure lines (BLR and MMC)  clustered against
he Hungarian commercial cultivar EMS  and the CCPs. The latter
; ELI = Elite CCP; HU1 = Hungarian CCP 1; OYQ = Orgainc Yield-Quality CCP; IT = Italy;

group showed a prostrate habit and high tillering during the early
growth stages in the context of a late growing cycle while, for
the same set of traits, the first group showed an opposite pattern.
This recalls identity differences belonging to the geographical ori-
gin and climatic adaptation of the two  groups of cultivars. In fact,
Mediterranean wheats are mainly bred to avoid late spring drought
through an earlier growth cycle (Isidro et al., 2011), while British
and Hungarian wheats reasonably have to withstand winter frost
as a main limiting environmental factor and are advantaged for this
by a longer foundation phase (Curtis et al., 2002).

Third, a finer traits distinction emerged between the CCPs and
the Italian (BLR and MMC)  or Hungarian (EMS) pure lines. The CCPs
showed a longer interval between the onset of stem extension and
the completion of ear extrusion, which can be interpreted as an
indicator of increased yield potential (Slafer et al., 2005). In CCPs
we also observed a significantly lower severity of leaf spot diseases.
Improved disease tolerance and resistance is a commonly found
evidence in genetically heterogeneous crop stands (Finckh, 2008;
Zhu et al., 2000), although Döring et al. (2015) suggested that this
diversity-driven resistance is not really effective on generalist dis-
eases as M. graminicola. These results might reasonably be seen
as an effect of genetic diversity. In fact, the contrast between the
Hungarian pure line EMS, whose phenological cycle was  close to
the CCPs, and the Italian pure lines BLR and MMC  did not follow a
similar pattern.

4.1.1. Effects of functional identity
The first and second distinctions, linked with the functional

identity hypothesis, showed partly similar cultivar effects on crop-
weed interactions and on yield and yield components. The old
cultivars showed some advantage in weed suppression, e.g., in
2011/12 weed biomass at wheat flowering was  lower in MOC  than
in the other cultivars, thanks to their high vigour and tall canopy
throughout the growing cycle. These have been reported to be
traits correlated to better weed suppression in several other works
(Huel and Hucl, 1996; Olesen et al., 2004; Yenish and Young, 2004).
However, in 2011/12 – an optimal growing season – MOC  yielded
significantly less than all the other cultivars, although it showed
the maximum average kernel weight. This confirms that a trade-

off between highly competitive traits and yield potential is often
found in wheat (Reynolds et al., 1994).

Old cultivars are frequently reported as good candidates to
improve and stabilise yield in organic wheat, as they should ensure
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Fig. 4. Leaf Spot complex (Pyrenophora tritici-repentis, Mycosphaerella graminicola, Parastagonospora nodorum) severity (McKinney Index) on wheat flag leaves: differences
among wheat cultivar in 2012, 2013 Trial #1 and 2013 Trial #2 (top and bottom-left graphs), with p-values of orthogonal linear contrasts, and between wheat only and living
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ulch  systems in 2013 Trial #2 (bottom-right graph), with anova p-value for ‘syste
OC  = Mix of Old Italian Cultivars; BLR = Bolero; MMC  = Mixture of Modern Cultiva

CP.  ‘OLD vs MOD’ = Old vs. Modern cultivars; ‘PL vs CCP’ = Pure Lines vs CCP; ‘PL IT 

etter performance in stressful, limiting conditions (Stagnari et al.,
013). As far as yield is concerned, our results are more in line
ith works showing that, under limiting environmental conditions,
odern cultivars can achieve better performances than old ones,

specially when, as in organic farming, N commonly is a limiting
actor (Guarda et al., 2004). However, this does not mean that we
hould reject the use old cultivars as a strategy to improve wheat
erformance. First, there are environments where weed pressure is

 limiting factor that old cultivars can efficiently cope with thanks
o both their taller canopy and the higher weight of their seeds,
hich can generate plants with higher early vigour and improved

bility to capture environmental resources (Stougaard and Xue,
004). Second, our results on old cultivars are limited to a mixture
f four cultivars, which cannot be considered as representative of
he full genotypic and phenotypic variation existing in old wheat
ermplasm, which is expected to be higher than among modern,
ost-Green Revolution cultivars (Bonnin et al., 2014). On this sub-

ect, some authors also pointed out important genetic erosion, as
 result of agricultural modernisation (Van de Wouw et al., 2010).
his is particularly important for landraces – i.e., the cultivars cul-
ivated before the onset of early formal breeding programmes –,

hich are an essential reservoir of useful alleles for future breeding

Newton et al., 2010).
tor.
S = Mv Emese; Eli = Elite CCP; HU1 = Hungarian CCP 1; OYQ = Orgainc Yield-Quality
’ = Pure Lines Italian vs Hungarian Cultivars.

Concerning the group based on cultivar geographical origin, the
outcome is a general advantage of the Italian over Hungarian and
British cultivars as far as weed suppressive ability is concerned.
The earlier growth cycle and the erect growth habit of Italian culti-
vars determined a higher biomass production in the early growth
stages, which, in 2012/13, turned in a lower weed biomass at the
onset of wheat stem extension, consistently with the hypothesis
that early vigour is a key trait for weed suppressive ability (Olesen
et al., 2004). The advantage of Italian cultivars over Hungarian mod-
ern cultivar and CCPs and British CCP was also shown by grain yield
data in 2012/13. Although in this study genetic identity and within-
crop heterogeneity cannot be fully separated, it is plausible that
these differences in yield are due to the better climatic adaptation
to local conditions of Italian cultivars. However, this was  partly an
accidental result. The extreme weather conditions occurred in mid-
May  2013, causing lodging of a crop already weakened by eyespot
infection, hit the Hungarian and British cultivars in correspondence
of the end of flowering, while the Italian cultivars had already com-
pleted grain formation. As a consequence, the latter had a higher
harvest index, suggesting that lower yield of Hungarian and British
cultivars was  due to interference with kernel setting, rather than

a lower yield potential, as confirmed by the number of spikelets
ear−1.
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Fig. 5. Wheat (top graphs) and weeds (bottom graphs) dry biomass at the onset of stem extension (BBCH GS 31, March 2012, left graphs) and during wheat anthesis (BBCH
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Matching of cultivar growing cycle with local climatic pattern is
rucial in ensuring a good performance in terms of weed suppres-
ion and wheat grain yield through optimal use of environmental
esources and resistance to, or avoidance of the main stressors.

e showed a trend of higher yield and better weed suppres-
ion obtained by Italian vs Hungarian and British cultivars across
he three years of Trial #1. However, since this advantage partly
esulted from avoidance of a transient, extreme event occurring in
ne year, its predictive value for higher stability linked to explicit
tress-tolerance mechanisms is limited. As a matter of fact, stress-
voidance mechanisms do not protect the crop from the impact
f unexpected, transient events, which may  seriously reduce grain
umber, unless stress-tolerance mechanisms protect reproductive
evelopment (Dolferus et al., 2011).

.1.2. Effects of functional diversity
Effects of morpho-phenological differences between CCPs and

ure lines were confounded with identity effects mediated by geo-
raphical origin, particularly the mismatch between their growth

ycle and local climate, but were consistent with results on yield
nd yield components. First, CCPs yielded slightly but significantly
ess than pure lines, including the Hungarian one, in 2011/12, an
ptimal growing season. Yield component analysis provided more
lues of orthogonal linear contrasts are indicated.
S  = Mv  Emese; Eli = Elite CCP; HU1 = Hungarian CCP 1; OYQ  = Orgainc Yield-Quality
’ = Pure Lines Italian vs Hungarian Cultivars.

informative results. Despite the confounding of identity and diver-
sity in our experimental design, yield component analysis provided
some insights on diversity and identity effects which are consis-
tent with other observations and with literature. CCPs had a lower
Harvest Index than the pure lines in all the three years of tri-
als, revealing the existence of more competitive traits within the
population. Moreover, homogeneous cultivars, especially the Hun-
garian EMS, had a high kernel weight while the CCPs had a lower
kernel weight in all the three years. This suggests that CCPs, as a
result of their evolutionary process, developed a yield formation
strategy which maximises the number of kernels ear−1. This is con-
sistent with the finding that CCPs had a longer phenological interval
between BBCH GS 31 and 59. There is evidence that kernel num-
ber ear−1 is positively associated with duration of the phase from
the onset of stem extension to ear extrusion and anthesis (Garcia
et al., 2011; Sadras and Lawson, 2011; Whitechurch et al., 2007),
which in our trials was  found to be constantly longer in the CCPs
than in the other cultivars. Therefore, we cannot exclude that these
differences are the result of evolutionary processes mediated by off-

spring abundance, i.e., kernel number ear−1. This seemed to have
been detrimental to kernels weight, as kernels development in a
longer growth cycle is clearly exposed to late-spring drought.
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Fig. 6. Wheat (top graphs) and weeds (bottom graphs) dry biomass at the onset pof stem extension (BBCH GS 31, March 2013, left graphs) and during wheat anthesis (BBCH
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S  65, 13 May  2013, right graphs): comparison among wheat cultivars in the 2012/
LR  = Bolero; MMC  = Mixture of Modern Cultivars; EMS  = Mv  Emese; Eli = Elite CCP; 

PL  IT vs HU’ = Pure Lines Italian vs Hungarian Cultivars.

Deployment of genetic diversity in crops relies on the hypoth-
sis that the co-presence of different traits, rather than a given
rchitecture of traits, is more likely to stabilise yields in lim-
ted, unpredictable environments, as demonstrated by Ceccarelli
t al. (1991). According to these authors, stabilisation would be
he result of within cultivar buffering mechanisms, especially in
elf-pollinating winter cereals where heterozygosis-based individ-
al buffering is insignificant. The co-presence of different response
raits (sensu Hooper et al., 2002) would thus stabilise yields when
aced with unpredictable variation, as frequently demonstrated in
ultivar mixtures in the presence of diseases (Cox et al., 2004; Kiær
t al., 2009). In evolutionary breeding, yield (Phillips and Wolfe,
005; Suneson, 1956) and disease resistance (Goldringer et al.,
998) are also expected to progressively increase. However, these
dvantages tend to be counter-balanced by a gradual reversal to
ild-type alleles (Knapp et al., 2013). In fact, it is possible that

n optimal growing conditions, as in 2011/12, homogeneous crop
tands suffered less intraspecific competition than heterogeneous
rop stands. Reversal to wild-type alleles may  indeed translate into
 progressive shift towards the prevalence of more competitive
enotypes, e.g., taller plants, in which a trade-off with yield can
merge.
p season, Trial #1. p-values of orthogonal linear contrasts are indicated.
 Hungarian CCP 1; OYQ = Orgainc Yield-Quality CCP. ‘PL vs CCP’ = Pure Lines vs CCP;

As for weed suppression, two possible diversity effects can be
expected in the CCPs. First, morphology variation and interspe-
cific neighbouring relationship can favour interspecific competitive
equivalence and weed species equitability (Fridley and Grime,
2010). At a first glance, this seems in contrast with the objective
of reducing weed abundance. Second, progressive height increase
would favour competition against weeds, as suggested by Knapp
et al. (2013). However, no significant advantages or disadvantages
of the CCPs against the pure lines were found in any of our trials.

As for yield, our results show that the CCPs have a markedly
lower kernel weight, but not a consistently lower yield than the
tested modern cultivars. The CCPs seem therefore to have devel-
oped a yield formation strategy characterised by a tendency to
increase kernel number ear−1 through a longer construction phase,
which was  consistently longer than the modern cultivars indeed.
The thorough work of Slafer et al. (2014) on wheat yield compo-
nents identified kernel number m−2 as a ‘coarse regulator’ and
kernel weight as a ‘fine regulator’ of yield. Kernel number m−2 is
the product of ear density, which was not differentiated by cultivar,

and kernel number ear−1. Therefore, we can conclude that func-
tional diversity confers the CCPs a high yield potential, provided
that their functional identity, in terms of matching their growing
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LM’  = Wheat with Living Mulch; ‘PC’ = Wheat Only.

ycle with local climate, allows them to avoid stresses interfering
ith optimal grain formation and filling.

.2. Understanding the effects of living mulch

The living mulch affected crop performance independently of
ultivars effect, unlike observed by e.g., Hiltbrunner and Liedgens
2008). This may  be linked to the concurrent sowing of our living

ulch and wheat, unlike the systems studied in Central and West-
rn Europe. In fact, in these latter, the cereal is often sown into an
lready established clover stand (see e.g., Hiltbrunner et al., 2007a,
007b; Thorsted et al., 2006) and has reasonably to face a stronger
ompetition from the legume during the earliest stages. Hence,
robably, the stronger performance differences among different
heat cultivars in these systems.

The living mulch had unstable effects, partly linked with the
ariable establishment and biomass accumulation of subterranean
lover, which was intermediate in 2010/11, low in 2011/12 prob-
bly due to a cold and dry winter, and moderately (in Trial #1) or
xtremely (in Trial #2) high in 2012/13, thanks to a particularly
ild and rainy winter. Overall, the occurrence of significant effects

f the living mulch depended on a good establishment and growth
f clover. These effects were (i) a suppression of wheat growth and
rain yield, (ii) a suppression of weed biomass and (iii) a reduction
f dicotyledonous, but not of monocotyledonous weed abundance.

 further interesting effect of living mulch was the reduced severity
f leaf spot diseases in Trial #2 in 2012/13, suggesting that a thick
lover layer can hamper the vertical dispersion of M.  graminicola
ycnidiospores (Bannon and Cooke, 1998).

Suppression of wheat growth and yield and suppression of weed
iomass were not always concurrent, suggesting that such trade-
ff is not unavoidable. Wheat growth and yield was reduced in
010/11, a season with poor wheat establishment, and in Trial #2

n 2012/13, when a suboptimal growth of wheat was observed. On

he other hand, weed biomass was reduced by the living mulch in
012/13 both in Trial#2, when wheat growth was also suppressed,
nd in Trial#1, where wheat was not affected by clover compe-
ition. This suggests that if wheat has optimal establishment and
g mulch (LM) systems assessed on 16 April 2011 (Year 1), 21 December 2012 (Year
alues by ‘system’ for dicot and monocot density are indicated.

development during the early vegetative stages, it can successfully
withstand the competition of an optimally established clover stand.

The living mulch system tested in our trials has original features,
compared to the currently adopted system design in studies on
cereal-legume intercropping. Living mulches are often established
before wheat sowing (Hiltbrunner and Liedgens, 2008; Hiltbrunner
et al., 2007a, 2007b; Thorsted et al., 2006). This is frequent in
experiments carried out in Central-Northern Europe, where the
living mulch is mainly aimed at optimizing N use efficiency and
weed reduction. In southern Europe, instead, concurrent sowing
of cereal and an intercropped legume is more frequent, and has
been adopted e.g., by Vasilakoglou et al. (2008), in a whole-harvest
cereal-vetch crop, and by Tosti and Guiducci (2010), with the
legume ploughed in before the cereal reached the reproductive
phase.

It is known that use of companion crops maximizes resource use
complementarity when component crops differ in growth duration
so that the times of their maximum resource requirement do not
overlap. It is known as well that when the two component crops
are sown concurrently and their growth cycles mostly overlap,
competition for resources is intense and that the relative perfor-
mance of the component crops is unstable (Fukai and Midmore,
1993). In our trials, this instability was evident and strongly related
with living mulch efficacy in reducing weeds and with wheat-living
mulch competition. Optimal spatial separation between the two
components can optimize weed suppression minimizing trade-offs
with yield of the main crop. For example, Campiglia et al. (2014)
found that sowing wheat and subterranean clover in 10 cm-distant
rows was the best compromise, also ensuring a successful clover
re-establishment in the subsequent season, in climatic conditions
similar to those of our experiments. Differential suppression of
dicot vs. monocot weeds, similarly to what reported by Hiltbrunner
et al. (2007a) with several clovers tested as living mulches in wheat,
has also to be carefully taken into account since monocots weeds
often are most aggressive against wheat.
Designing successful wheat-living mulch systems would be a
strategic aim in stockless cropping system, where legume presence
in rotation is generally low. In organic and low-input conditions,
such systems generally suffer from unbalanced nitrogen cycling
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Fig. 8. Wheat grain yield (t ha-1 at 14% humidity) as affected by system in 2011 and 2013, Trial #2 (top-left and bottom-right graphs), with ANOVA p-value by ‘system’
i hs), w
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ndicated, and by cultivar in 2012 and 2013, trial #1 (top-right and bottom-left grap
OC  = Mixture of Old Cultivars; BLR = Bolero; MMC  = Mixture of Modern Cultivars; E

OLD  vs MOD’ = Old vs. Modern cultivars; ‘PL vs CCP’ = Pure Lines vs CCP; ‘PL IT vs HU
nd high weed pressure due to the absence of livestock, manure and
f a ley phase (Cormack, 2006; Rollet et al., 2006). Technical feasi-
ility is however a bottleneck for adopting such strategies. Many
ith p-values of sognofocant orthogonal linear contrasts.
MvEmese; Eli = Elite CCP; HU1 = Hungarian CCP 1; OYQ = Orgainc Yield-Quality CCP.
re Lines Italian vs Hungarian Cultivars.
papers have reported several tactics to enhance legumes function-
ality when intercropped with wheat as living mulches, including
adjustment of sowing densities (Hiltbrunner et al., 2007b) and
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echanical regulation of the living mulch (Thorsted et al., 2006).
t is reasonable to think that the system adopted in our trials, with
roadcast sowing of clover immediately before wheat sowing, is

 feasible tactic. However, further efforts are necessary to under-
tand (i) how to adjust the relative sowing densities of wheat and
lover, (ii) the impact of weed harrowing on the clover stand, (iii)
ptimal living mulch species and cultivar choice.

.3. Future perspectives

When interpreting our results in the light of functional iden-
ity, functional composition and functional diversity, this work
uggests that future innovations in wheat systems require a clear
ierarchy among these categories. Fit of functional identities into

ocal macro-climatic conditions is a priority, especially for enhanc-
ng crop competitive ability against weeds and avoiding the main
nd most detrimental environmental stresses. Manipulation of
unctional composition, either by mixing cultivars or by including
egume living mulches, and increase of functional genetic diver-
ity are thought to be successful as long as the optimal functional
dentity is defined and respected.

These statements can have concrete implications. Spreading
CPs in different climatic areas, to seek for evolutionary-driven

mprovement in crop performance, appears a weak strategy, at least
f there is an interest in using these cultivars for production. It may
e of interest, instead, to diffuse CCPs with high genetic diversity
e.g., high number of highly distinct parentals) in wide areas for
reeding purposes or to constitute CCPs from a pool of parental
ermplasms adapted to a target macroclimatic area. In this way,
armers and breeders would be able to select for the most useful
ypes and/or against the least useful, thus obtaining well-adapted
ultivars or lines to reproduce and include in fine-tuned productive
ropping systems. Overall, our results suggest that CCP and evolu-
ionary breeding have potential to increase and stabilise yield, with
o negative effects on crop competitiveness. A crucial question for

uture research would be defining a critical spatial scale to optimise
CPs fitness and evolutionary adaptation.

Living mulch inclusion seems to have separate implications
rom the increase of wheat genetic diversity in our concurrently
own wheat-living mulch system, suggesting that there could be

 high freedom in combining the two crops and managing their
ompetitive interactions. Nevertheless, finding trait combinations
hat enhance complementarity effects while minimising interspe-
ific competition is a priority. Insofar as wheat cultivars showed
o differential performance with the living mulch, our experiment
id not explore cultivar effects within Subterranean clover or other

iving mulch candidate species, which is worth studying more in
epth.

Moreover, crop management adaptation to a more complex sys-
em than wheat sole crop is a critical factor in a living mulch.

e consider that, in our climate, concurrent sowing of wheat and
lover can be the most feasible strategy. We  know as well that
his approach exposes the component crops to higher interspecific
ompetition and instability. Research of optimal trait combinations
s critical in this respect but, to be successful, it must be tailored
o pedo-climatic conditions and farming systems at a very narrow
cale.

In summary, the categorisation of planned agrobiodiversity
nd tested in this work, although in an experimental design
here the categories of diversity were inherently confounded,
as useful to (i) highlight the potential effects of crop functional

dentity, functional composition and functional diversity on crop

erformance and (ii) suggest how these categories could integrate
ith one another in wheat cropping systems design. Adopting

his framework on other crop typologies, e.g., summer crops or
pen-pollinated crops, can help testing the identity vs diversity
Agronomy 76 (2016) 1–16 15

hypothesis even in experiments where diversity and identity are
confounded, and would allow a more global perspective on sus-
tainable cropping system design.
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