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A comparison of the agronomic
management of a winter barley
hybrid and a conventional
genotype: effect of the seeding
rate, soil tillage and
nitrogen fertilization
Mattia Scapino, Raffaele Meloni and Massimo Blandino*

Department of Agricultural, Forest and Food Sciences, University of Turin, Turin, Italy
In a context of climate change, barley can play a key role in cereal cropping

systems, but the competitiveness of the crop requires the introduction of system

innovations to increase its yield potential and to make the use of agronomic

inputs more efficient. A hybrid genotype was compared with a conventional

genotype in a three-year study. The treatments involved a factorial comparison

of four combinations of genotype per seed density (medium vs high seed rate for

each genotype), two soil tillages (conventional CT vs minimum tillage MT) and

two N fertilization (equally split between the tillering and stem elongation growth

stages vs a higher rate at the stem elongation stage). The hybrid genotype

showed a higher grain yield (+8%) than the conventional one, as a consequence

of a higher stay green. The lower ear density of the hybrid (-20%) was

compensated by a higher number of kernels per ear (+16%) and a higher grain

weight (+14%). A higher seeding rate did not increase the ear density and the

grain yield; furthermore, CT and a higher N fertilization at the tillering stage led to

a more rapid crop establishment. An increase in the seeding rate and the more

balanced N application between the proposed timings resulted in a higher test

weight for the hybrid (+0.9 kg hL-1). The hybrid genotype had a lower grain

protein content than the conventional one, although this parameter increased on

average by 0.4% for CT and a higher N application at stem elongation; moreover,

the hybrid genotype showed a higher susceptibility to deoxynivalenol

contamination (+51%). As regard the modelled global warming potential, the

higher grain yield of the hybrid led to lower greenhouse gases emissions (-9%),

compared to the conventional genotype. The adoption of MT, which did not have

any impact on barley productivity, compared to CT, resulted in a further

reduction of the environmental impact (-21%). The introduction of hybrids

combined with a correct adaptation of other crop practices could be a way of

improving both the grain yield and sustainability of the cereal cropping system.
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1 Introduction

According to the FAO prospects, the current and future

requests for food, feeds and energy to satisfy the growing

population represents a great challenge for the agriculture sector

and leads to a strong pressure being exerted on land use and input

production. Agriculture is responsible for different potential

environmental impacts, due to its dependence on several

productive inputs (e.g. fossil fuel, fertilizers, pesticides) and, at the

same time, the higher and more frequent environmental stresses

related to climate change represent a further risk for the stability of

crop yields. In this context, the development of more efficient

cropping systems, which would be able to reduce agronomic

inputs without reducing the grain yield or its quality and which

would be able to increase the sustainability of agricultural systems,

is therefore necessary (Alexandratos and Bruinsma, 2012; Tricase

et al., 2018a). Barley (Hordeum vulgare L.) is the world’s fourth

most cultivated cereal crop after wheat (Triticum aestivum L.),

maize (Zea mays L.) and rice (Oryza sativa L.), with a harvested area

of about 47 million ha and an average grain yield of 3.3 t ha-1

(FAOSTAT, 2022). The crop is cultivated over a wide

environmental range in temperate growing areas, thanks to its

high ecological adaptation and lower production costs compared

to other cereal crops. Furthermore, the achievable grain yield can be

compared to that of cereals with higher agronomic requirements,

such as wheat (Tricase et al., 2018a). Barley grains are used for

multiple purposes and, in addition to the feed supply chain (around

70%), industrial end-uses, such as malting, brewing and distilling

industries (21%), food (flour, pearled and puffed grain; 6%) and

energy (biofuel production) are becoming increasingly important

(Griffey et al., 2010; Tricase et al., 2018b). Industrial end-use of

barley requires a higher attention to reach the quality requirements

of the supply chains, in particular the respect of sanitary constraints

(mycotoxin contamination) and the satisfaction of technological

traits (test weight and grain protein content).

In a context of climate change, barley can play an important

role in temperate growing areas, due to its potentially higher

ability to avoid crop stress due to drought than other cereals. In

addition, the early harvesting offers the opportunity to introduce

an intercrop with longer duration and higher yield potential, such

as maize, taking advantage of the greater number of growing

degree days (GDDs) available due to the Global Warming

Potential (GWP) (Maresma et al., 2019; Blandino et al., 2023).

Furthermore, the competitiveness of the crop requires the

introduction of agronomic and system innovations that would

be able to increase its yield potential and, at the same time, reduce

the use of agronomic inputs and make them more efficient,
Abbreviations: AUCDC, area under canopy development curve; CT,

conventional tillage; DON, deoxynivalenol; GDDs, Growing degree days; GHG,

greenhouse gas; GPC, grain protein content; GS, growth stage; GWP, global

warming potential; H150, hybrid barley genotype per 150 seeds m-2; H300, hybrid

barley genotype per 300 seeds m-2; C350, conventional barley genotype per 350

seeds m-2; C500, conventional barley genotype per 500 seeds m-2; MT, short-term

minimum tillage; N, nitrogen; NDVI, normalized difference vegetation index;

TKW, thousand kernel weight; TW, test weight.
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through the application of simpler agronomic techniques, such

as minimum tillage.

In the last 15 years, the main genetic innovation has involved

the development of hybrid cultivars, instead of conventional pure

lines (Mühleisen et al., 2013). Hybrids obtained by crossing different

genetic lines, thanks to the phenomenon of heterosis, which leads to

an increase of heterozygosity, have a greater vigor and a greater

development than conventional genotypes (Longin et al., 2012). The

obtained advantages are due to certain desirable attributes, such as a

better root penetrance, a potential better response to fertilizers, a

longer duration of grain filling and the possibility of combining the

characteristics of the parent lines, which leads to a greater

adaptability of the hybrid to different cultivation environments

and a potentially higher tolerance to abiotic and biotic factors

(Gupta et al., 2019). The use of hybrids for allogamous species,

such as maize, sorghum, rye or sunflower, is an established reality

(Coors and Pandey, 1999). However, although hybrid breeding

programs have been carried out for many decades, the diffusion of

autogamous cereal hybrids on the market is still very limited

(wheat) or has only occurred recently (barley), due to the

drawbacks associated with their breeding. The first field

comparisons reported that barley and wheat hybrids could have a

higher biomass and grain yield than conventional ones (Maresma

et al., 2019). Furthermore, lower levels of heterosis have generally

been reported for autogamous cereals than for allogamous species.

Moreover, small grain cereals require an overall higher plant

density, which, combined with a lower cost-efficient seed

production, because of their biological constraints, results in a

possible lower return of investment for farmers (Mühleisen

et al., 2013).

Since they have a higher seed cost, barley hybrid genotypes are

generally sown at a lower seed rate than conventional genotypes.

Thus, it is necessary to adapt the cropping system in order to

enhance the overall profitability of the cultivation of hybrids, paying

particular attention to agronomic practices that are able to recover

the disadvantage of a lower seeding rate by promoting tillering and

to exploit their high vigor.

In addition to the seeding rate, soil tillage, which has a direct

effect on the soil temperature, and nitrogen (N) fertilization, can

also influence barley tillering. A minimum tillage, as an alternative

to conventional ploughing, could physically restrict crop

emergence and root development, as a consequence of a higher

soil compaction and the presence of crop residues on the soil

surface. Moreover, if a lower soil porosity occurs, in the absence of

the conventional ploughing, plant growth could slow down,

because of a slower soil drying up and warming after the winter

seasons, a lower root penetration and also a lower N availability

(Peigné et al., 2007). The application of N fertilization, in

temperate growing areas, is generally split between tillering

(growth stage GS 23 (Zadoks et al., 1974)) and the beginning of

stem elongation (GS 31), with a higher nutrient rate for this

second timing, in order to support the higher plant uptake at this

GS. Furthermore, there is a direct relationship between the N rate

at the end of the winter season and the number of tillers (Otteson

et al., 2008), which could be of interest for hybrids sown at a

lower density.
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In addition to crop yield, soil tillage and N fertilization also play

key roles in the sustainability of cereal cultivation, since, among the

different agronomic practices in the cropping system, they make the

highest contribution to the indicators related to the GWP and

nutrient loss (leaching, run-off, volatilization) (Sørensen et al., 2014;

Campbell et al., 2017). In order to enhance the environmental

sustainability of a cropping system, it is necessary to focus on both

increasing the crop yield and the input use efficiency and on

reducing the input applications.

The introduction of hybrid barley, combined with a correct

adaptation of crop practices, could be one way of significantly

improving the cultivation of the cereal and of reducing the GWP

of the cropping system. Furthermore, hybrid barley breeding has

generally targeted northern European regions, which have a high

yield potential (Fernández-Calleja et al., 2023), while information

about the agronomic performances of these genotypes in growing

areas in southern Europe, which have a short vernalization

period, as well as early flowering and maturation, has not yet

been fully assessed. The aim of the present study has been to

verify the agronomic potential of hybrid barley, considering

different cropping systems related to the seeding rate, soil

tillage and N fertilization strategies. For this purpose, we

compared a hybrid barley genotype with a conventional

genotype in a three-year study carried out in a growing area

where barley has frequently been inserted into the crop sequences

of cereal farms.
2 Materials and methods

2.1 Experimental set up

The study was carried out in the North-West of Italy over three

growing seasons (2017-18, 2018-19 and 2019-20) in Chivasso (45°

12’ N 07°58’ E, 183 m of altitude), in an area where maize, wheat

and barley are the main crops. The compared treatments were

factorial combinations of:

Four combination of barley genotype per seed rate:
Fron
• H150, a combination of a hybrid genotype (cv. Tektoo,

Syngenta Italia) and a sowing rate of 150 seeds m-2

(approximately 70 kg seeds ha-1),

• H300, a combination of the hybrid genotype (cv. Tektoo)

and a sowing rate of 300 seeds m-2 (approximately 140 kg

seeds ha-1),

• C350, a combination of a conventional pure line genotype

(cv. Ketos, Limagrain Italia) and a sowing rate of 350 seeds

m-2 (approximately 140 kg seeds ha-1),

• C500, a combination of the conventional pure line genotype

(cv. Ketos) and a sowing rate of 500 seeds m-2

(approximately 210 kg seeds ha-1);
Two soil tillages:
• CT, conventional tillage (ploughing to a depth of 25 cm and

double harrowing with a disk and rotary harrow),
tiers in Agronomy 03
• MT, short-termminimum tillage (double harrowing to a depth

of 10 cm using a disk harrow as an occasional tillage system);
Two N fertilization strategies:
• 60 + 60, 120 kg N ha-1 split between GS 23 (60 kg N ha-1)

and GS 31 (60 kg N ha-1), respectively,

• 30 + 90, 120 kg N ha-1 split between GS 23 (30 kg N ha-1)

and GS 31 (90 kg N ha-1), respectively.
The experiment was carried out according to a slit-plot design,

with the combination of soil tillage and genotype per seed rate as the

main-plot treatments and the N fertilization as the sub-plot

treatment. Each treatment was replicated 4 times, the main-plot

area was 125 m2 and the sub-plot area was 12 m2.

The experimental field was characterized by a superficial and fertile

loamy soil (52% sand, 41% silt, 8% clay), typic Hapludalfs (USDA

classification), with a high content of organic matter (2.55%) and a

balanced C/N ratio (10.1). The soil was sub-acid (pH 6.2) and the Cation

Exchange Capacity was medium (12.1 Cmol(+) kg−1). The soil was

sampled at a depth of 0-30 cm each year at the end of the winter season

and before N fertilization at tillering. The total N content was considered

medium in each growing season, with 1.47, 1.37 and 1.27 g kg-1 in 2018,

2019 and 2020, respectively. The available phosphorus content (P Olsen,

on average 42 mg kg-1) and the exchangeable potassium content (99 mg

kg-1) were both high. The meteorological data were obtained from a

weather station located near the experimental field.

The conventional crop practices of the growing areas were applied

in each experiment. Briefly, the previous crop was grain maize each

year. The conventional genotype (cv. Ketos) is the reference variety in

the area of the study for its the high productivity, while the hybrid

genotype (cv. Tektoo) was chosen among the commercial genotypes

available on the market for its precocity, which is adequate for the

considered environmental conditions.

The sowing density applied in the H150 and C350 treatments are

those ordinary used in the growing area for the sowing of hybrid and

conventional barley genotypes, respectively, with a comparable sowing

cost. The treatments H300 and C500 allow to compare for both

genotypes a higher sowing density, which could be necessary with late

sowing, poor seedbed conditions and more generally production

situations with an expected lower crop emergence. N fertilization

was carried out by hand, according to application timing, using

granular ammonium nitrate (27%). Sowing was carried out at the

end of October in each experimental growing season, while harvesting

was at the end of June (Table 1). Sowing was conducted in 12 cm wide

rows. A chemical weed control was carried out with Pinoxaden 4.43%

+ Florasulam 0.49% + Cloquintocet-mexyl 1.11% (Axial One®,

Syngenta Crop Protection S.p.A.) at the end of tillering. No

fungicides were applied to protect the crop from foliar or head diseases.
2.2 Crop assessments

2.2.1 Canopy development and leaf
diseases assessment

A hand-held optical sensing device, GreenSeekerTM®

(Trimble©, USA), was used to measure the normalized difference
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vegetation index (NDVI) during the vegetative stage, and the

assessment was performed on all the plots approximately every 7

days. The instrument was held at a height of approximately 1 m

above the ground, and its effective spatial resolution was 0.75 m per

the entire length of the plot (6 m). The NDVI values were expressed

as the area under the canopy development curve (AUCDC) using

the following formula:

AUCDC =  o
n−1

i
½(Ri + Ri+1)=2� (ti+1 −  ti)f g

where R is the NDVI value, t is the time of observation, and n is

the number of observations. This method was used to quantify the

vigor of the compared treatments, in terms of crop canopy

development. The AUCDC value was calculated for the entire

crop cycle (GS 21-91) and for the vegetative (GS 21-61) and

ripening (GS 61-91) periods. The AUCDC value pertaining to

barley ripening, from flowering (GS 61) to complete senescence

(GS 91), is a clear indicator of crop stay green, while the index

could be influenced during the vegetative stage mainly by the

ability of the canopy to cover the ground (Capo and

Blandino, 2021).

The incidence and severity of foliar diseases were recorded for

each plot by making a visual assessment of the symptoms at milk

growth stage (GS 75). Incidence was calculated as the percentage

of leaves showing symptoms, taking into account the two upper

leaves of 20 stems per plot. Severity was calculated as the

percentage of the leaf area with symptoms, using a standard

area diagram (Capo and Blandino, 2021). In all the considered

growing seasons and for both genotypes almost all the detected

symptoms were attributable to Net Blotch disease (Pyrenophora

teres f. teres).
2.2.2 Ear density, tillering index and kernels
per ear

Ear density assessments (ears per m2) were carried out,

during the dough stage (GS 85), by counting the number of

spikes within a 0.0625 m2 area of a metal square, twice per plot.

The tillering index was calculated by dividing the number of ears

per m2 by the number of plants per m2. The average number of

kernels per ear was determined from 30 ears randomly selected

from each plot.
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2.3 Grain yield and yield parameters

The grain yield was obtained by harvesting the whole plot using

a cereal plot combine harvester (Walter Wintersteiger, Austria).

The test weight (TW) and grain moisture were analyzed using a

GAC® 2100 Grain Analyzer (Dickens-John Corp, USA) and the

previously weighed grain yield was adjusted to a 13% moisture

content. The thousand kernel weight (TKW) was determined on

two 200-kernel repet i t ions for each sample , using a

precision balance.
2.4 Grain protein content

A representative aliquot of barley grains was ground using a ZM

200 Ultra Centrifugal Mill (Retsch, Germany), and the grain protein

content (GPC) was determined by means of near-infrared

reflectance spectroscopy, using an NIR Systems 6500

monochromator instrument (Foss, Denmark).
2.5 Mycotoxin contamination

The grains harvested from each plot were mixed thoroughly,

and a representative aliquot of 4 kg of grains was milled. A

representative sub-sample of the milled material was analyzed for

the mycotoxin concentration. Deoxynivalenol (DON)

contamination was analyzed using the ELISA method, by means

of direct competitive immunoassays (Ridascreen® DON, R-

Biopharm, Germany), according to the manufacturer ’s

instructions (Blandino et al., 2022).
2.6 Global warming potential

The environmental impact of the compared cropping systems

was quantified by means of the LCAmethod, in accordance with the

ISO 14040 and ISO 14044 standards (ISO, 2006a, b). A functional

unit of 1 t of dry-matter grains was assumed. The system

boundaries were defined “from the cradle to the farm gate” in

order to include all the agricultural practices and inputs required for

barley production. The attributional approach was applied, and a
TABLE 1 Agronomic information of the field experiment carried out in Chivasso in 2018-2020.

Agronomic information
Growing season

2017-18 2018-19 2019-20

Sowing 26 October 2017 23 October 2018 28 October 2019

N fertilization GS 23 09 March 2018 26 February 2019 27 February 2020

N fertilization GS 31 04 April 2018 02 April 2019 03 April 2020

Flowering 07 May 2018 30 April 2019 29 April 2020

Harvest 21 June 2018 20 June 2019 23 June 2020
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mass allocation was performed. SimaPro v.9.5 (PRé Sustainability,
The Netherlands), and the Ecoinvent v.3.9.1 database were used to

model the studied systems. The environmental impact of the barley

cropping systems was estimated as GWP (kg CO2 eq.), using the

Intergovernmental Panel on Climate Change methodology (100 y, v

1.02) (IPCC, 2021).
2.7 Data analysis

The data analyses were performed in the R environment (R

Core Team, 2016). A graphical method was used to verify the basic

assumptions (Onofri et al., 2016). The experimental data were

analyzed using a linear mixed effects model (lme () function from

the nlme package) represented by the following equation:

yijkdlm = m + ai + bj + gk + (ab)ij + (ag )ik + (bg )jk + (abg )ijk + dl

+ ldl + rm + eijkdlm

Where yijkdlm is the response variable; μ is the overall mean, ai is

the effect of the i-th genotype per seed rate fixed factor; Bj is the

effect of the j-th soil tillage fixed factor; gk is the effect of the k-th N

fertilization fixed factor; abij, agik, bgjk and abgijk are the

interaction effects between factors; dl is the effect of the l-th year

random factor; ldl is the effect of the dl-th block random factor; rm
is the effect of the m-th main-plot random factor; eijkdlm is the

random error term.

Similarly, the GWP was analyzed by considering the

combination of genotype per seed rate and soil tillage as fixed

effects, while the year and block were considered as random

factors. The N fertilization was not considered as a factor,

because the total N rate did not change between treatments.

When single factors or their interaction determined a significant

effect, the means were compared using the Bonferroni post hoc

test, with p-value ≤ 0.05.
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3 Results

3.1 Weather conditions

The three growing seasons experienced different meteorological

trends, as far as both rainfall, temperature and GDDs are concerned

(Table 2). The 2017-18 growing season had moderate rainfalls, and

it was characterized by a cooler temperature, especially during the

winter season, and fewer GDDs than in the other seasons. In

addition, high rainfall was recorded in May, during the flowering,

resulting in the lowest grain yield (on average 5.2 t ha-1) and the

highest DON contamination (9252 μg kg-1). Overall, the 2018-19

growing season had the lowest amount of rainfall during the crop

cycle, in particular from December to March and in June, resulting

in the highest grain yield (on average 7.5 t ha-1) and intermediate

values of DON (on average 3292 μg kg-1). Otherwise, the 2019-20

growing season showed the highest total rainfall, which was mainly

concentrated in November, the highest number of total GDDs, and

a warmer winter period. This condition resulted in a low grain yield

(on average 5.3 t ha-1), due to a low number of kernels per ear, while

the low rainfall at flowering, led to a low DON contamination (313

μg kg-1). In each growing season, the flowering time of compared

genotypes occurred on the same days.
3.2 Canopy development and leaf
diseases assessment

The AUCDC values during the whole crop cycle (GS 21-91), in

the vegetative period, until flowering (GS 21-61) and in the ripening

period (GS 61-91) are shown in Table 3. No significant differences

were found in AUCDC GS 21-91, regarding the combination of

genotype and seed rate. During the vegetative stage (GS 21-61), only

the hybrid sown at the lower seed rate (H150) showed statistically

lower values than C500 (-5%) due to the initial low number of
TABLE 2 Monthly rainfall, average temperature and growing degree days (GDDs) during the field experiment carried out in Chivasso in 2018-2020.

Month
Rainfall (mm) Average Temperature (°C) GDDs (S °C-day)a

2017-18 2018-19 2019-20 2017-18 2018-19 2019-20 2017-18 2018-19 2019-20

October 0 187 176 14 15 15 477 486 491

November 90 131 439 7 10 8 247 315 281

December 62 13 123 2 4 6 97 153 203

January 107 10 9 5 2 4 191 124 172

February 103 61 1 3 6 7 123 212 259

March 168 25 83 7 11 9 251 360 321

April 188 184 149 16 13 14 491 428 454

May 358 272 203 18 15 19 604 505 604

June 101 54 270 23 24 21 708 717 651

October - June 1177 938 1451 11 11 11 3189 3299 3435
Data obtained from the agrometeorological service of the Regione Piemonte.
aAccumulated growing degree days for each month using a 0°C base.
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plants, while no differences were found between the hybrid and the

conventional genotype sown at comparable seed rates (H300 and

C350), which showed intermediate values compared to the other

treatments. Instead, the hybrid (H150 and H300) showed higher

cumulative NDVI values during ripening (GS 61-91) than the

conventional genotype (+13% compared to the average of C350

and C500 treatments), due to a more prolonged canopy stay green.

The hybrid genotype (H150 and H300) showed a significantly

lower leaf disease incidence (16%) and severity (76%) than the

conventional genotype (data not shown), explaining the higher

reported stay green.

Overall, CT significantly increased the AUCDC values (+9%) of

barley, compared to MT, throughout the growing season, and also

when considering the vegetative or ripening period separately,

although a lower leaf disease severity (40%) was observed in MT

compared to CT. The N fertilization strategy directly influenced the

AUCDC values, according to the growth stage: the 60 + 60

treatment reported a higher AUCDC 21-61 value (+6%), which

refers to the vegetative stage, while the 30 + 90 treatment, with a

later N rate application, reported a higher AUCDC 61-91 value

during ripening (+2%). A higher cumulative value of NDVI was

reported for the 60 + 60 treatment (+3%) when considering the

entire crop cycle (AUCDC 21-91).

The interactions between G x T and G x N were significant for

AUCDC during the vegetative development (GS 21-61) and the

whole crop cycle (GS 21-91). As far as the genotypes are concerned,

the hybrid sown at 150 seeds m-2 resulted in a higher NDVI value
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for CT than for MT (Figure 1). Differences between the tillage

conditions for the cultivation of a conventional genotype were only

reported for 350 seeds m-2, while the benefits, in terms of plant vigor

and development of the ploughing, were always significant and

more marked in the hybrid genotype than for the MT conditions

(+19%). H300 and C350 showed intermediate values, while C500

showed no significant differences between the soil tillage systems.

Regarding the N fertilization (Figure 2), the 60 + 60 treatment

always showed higher AUCDC GS 21-61 values than the 30 + 90

treatment (+6%), thanks to the availability of the higher N dose

during the tillering stage. Moreover, the AUCDC of the 60 + 60

treatment was significantly higher for C500 than for H150, while

intermediate values were observed for H300 and C350. Otherwise,

no difference was reported between genotypes for the 30 + 90

treatment, thus highlighting the importance of suppling a sufficient

N rate in the early stages to support crop tillering. Similar trends

between G x T and G x N were observed for AUCDC GS 21-91

(data not shown).
3.3 Grain yield and yield components

The genotype per seed rate factor significantly influenced the

grain yield and yield components (Table 4). The hybrid (H150 and

H300) generally had a higher grain yield (on average +8%), kernels

per ear (+16%) and TKW (+14%) than the conventional genotype

(C350 and C500), which showed a higher ear density (+20%). H150
TABLE 3 Effect of the combination of barley genotype and seed rate, soil tillage and N fertilization on the area under the canopy development curve
(AUCDC) values during the whole crop cycle (GS 21-91), as well as the vegetative (GS 21-61) and the ripening (GS 61-91) growth stages for the field
experiment carried out in Chivasso in 2018-2020.

Factor Source of variation AUCDC GS 21-91 AUCDC GS 21-61 AUCDC GS 61-91

Genotype per Seed Rate (G)a

H150 59.6 a 39.2 b 20.4 a

H300 59.8 a 40.0 ab 19.8 a

C350 58.8 a 40.8 ab 18.0 b

C500 58.8 a 41.2 a 17.6 b

p-value 0.320 0.020 < 0.001

Soil Tillage (T)b

CT 61.8 a 42.5 a 19.3 a

MT 56.8 b 38.1 b 18.7 b

p-value < 0.001 < 0.001 < 0.001

N Fertilization (N)c

60 + 60 60.3 a 41.5 a 18.8 b

30 + 90 58.3 b 39.1 b 19.2 a

p-value < 0.001 < 0.001 < 0.001

G x T p-value < 0.001 < 0.001 0.784

G x N p-value 0.034 0.038 0.472

T x N p-value 0.464 0.235 0.406

G x T x N p-value 0.975 0.973 0.873
Means followed by different letters are significantly different; the level of significance (p-value) is shown in the table.
aGenotype per seed rate: H150, hybrid barley sown at 150 seeds per m2; H300, hybrid barley sown at 300 seeds per m2; C350, conventional barley sown at 350 seeds per m2; C500, conventional
barley sown at 500 seeds per m2.
bSoil tillage: CT, conventional tillage, with ploughing; MT, minimum tillage.
cN fertilization: 60 + 60, 60 and 60 kg N ha-1 during GS 23 and GS 31, respectively; 30 + 90, 30 and 90 kg N ha-1 during GS 23 and GS 31, respectively.
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FIGURE 2

Effect of the combination of genotype per seed rate and N fertilization on the normalized difference vegetation index (NDVI) values expressed as the
area under the canopy development curve (AUCDC) from tillering (GS21) to flowering (GS 61) for the field experiment carried out in Chivasso in
2018-2020. The reported data refer to the average of 3 growing seasons and 4 replications. Different letters between treatments indicate significant
differences (p-value<0.05). Error bars represent the standard error of the mean. Genotype per seed rate: H150, hybrid barley sown at 150 seeds per
m2; H300, hybrid barley sown at 300 seeds per m2; C350, conventional barley sown at 350 seeds per m2; C500, conventional barley sown at 500
seeds per m2. N fertilization: 60 + 60, 60 and 60 kg N ha-1 during GS 23 and GS 31, respectively; 30 + 90, 30 and 90 kg N ha-1 during GS 23 and GS
31, respectively.
FIGURE 1

Effect of the combination of genotype per seed rate and soil tillage on the normalize difference vegetation index (NDVI) values expressed as area
under the canopy development curve (AUCDC) from tillering (GS21) to flowering (GS 61) for the field experiment carried out in Chivasso in 2018-
2020. The reported data refer to the average of 3 growing seasons and 4 replications. Different letters between treatments indicate significant
differences (p-value<0.05). Error bars represent the standard error of the mean. Genotype per seed rate: H150, hybrid barley sown at 150 seeds per
m2; H300, hybrid barley sown at 300 seeds per m2; C350, conventional barley sown at 350 seeds per m2; C500, conventional barley sown at 500
seeds per m2. Soil tillage: CT, conventional tillage, with ploughing; MT, minimum tillage.
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had the highest tillering index value, due to the lower seed density,

and C500 had the lowest one, while no difference was found

between H300 and C350. On average, no yield difference was

found between the compared soil tillage practices. Instead, 60 +

60 N fertilization showed an overall higher grain yield (+3%), but a

lower number of kernels per ear than the 30 + 90 treatment (3%),

while no differences were found for the other yield components (ear

density and TKW), although both were higher in the 60 +

60 treatment.

Significant interactions between G x T were found for the grain

yield, kernels per ear and TKW (Figure 3) and between T x N for the

grain yield (data not shown). Regardless of the seeding rate, when

comparing the soil tillage systems, the hybrid barley generally

showed a higher grain yield (+10% for CT and +5% for MT),

although the value was only statistically significant compared to

C500 for CT. Moreover, the 60 + 60 N fertilization treatment

resulted in a higher grain yield than the 30 + 90 treatment for the

CT condition (+5%), while intermediate values were observed for

both of the N fertilizations for MT.

Regarding the main yield components, H150 showed a higher

number of kernels per ear for CT than for MT (+15%), but without

any statistical differences from H300 for either of the soil tillages.

Instead, the conventional genotype showed a lower number of

kernels per ear, especially for the high seeding rate (C500). TKW

was always significantly higher for the hybrid barley. Moreover, the
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lowest seed density (H150) resulted in a significantly higher seed

weight for the MT condition than for the CT condition (+6%), while

no differences between the soil tillages were found for the other

treatments (H300, C350, C500).
3.4 Qualitative kernel parameters

As far as the genotype per seed rate is concerned, H300 had a

higher TW than the other treatments (+1.2 Kg hL-1) (Table 5). The

GPC was higher for C500 than for H300 (+0.5%), while H150 and

C350 reported intermediate values. The DON content was higher

for the hybrid (H150 and H300, on average +51%) than for the

conventional genotype (C350 and C500), thus showing a higher

suscept ib i l i ty of the considered hybr id genotype to

mycotoxin contamination.

The soil tillage significantly affected the GPC and DON

contents: CT resulted in a higher protein content (+0.4%) and

lower contamination of mycotoxin (55%) than MT, while no

differences were found for TW. The 60 + 60 treatment showed a

higher TW (+0.3 kg hL-1) and lower GPC (-0.4%) than the 30 + 90

treatment, while N fertilization did not affect DON contamination

to any great extent. The interactions between the compared

agronomic factors were never significant for any of the compared

qualitative parameters.
TABLE 4 Effect of the combination of barley genotypes and seeding rate, soil tillage and N fertilization on the grain yield, ear density, tillering index,
kernels per ear and thousand kernel weight (TKW) for the field experiment carried out in Chivasso in 2018-2020.

Factor
Source

of variation
Grain yield
(t ha-1)

Ear density
(n. m-2)

Tillering
Index (n°)

Kernels per
ear (n°)

TKW (g)

Genotype per Seed
Rate (G)a

H150 6.3 a 325 b 2.2 a 50 a 47.0 a

H300 6.2 a 325 b 1.1 b 48 a 46.9 a

C350 5.8 b 377 a 1.1 b 45 b 41.3 b

C500 5.8 b 402 a 0.8 c 40 c 41.3 b

p-value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Soil Tillage (T)b

CT 6.0 a 351 a 1.3 a 46 a 43.8 a

MT 6.1 a 364 a 1.3 a 45 a 44.4 a

p-value 0.351 0.118 0.180 0.073 0.167

N Fertilization (N)c

60 + 60 6.1 a 363 a 1.3 a 45 b 44.2 a

30 + 90 5.9 b 353 a 1.3 a 46 a 44.0 a

p-value 0.001 0.148 0.676 0.013 0.500

G x T p-value 0.023 0.297 0.529 < 0.001 < 0.001

G x N p-value 0.077 0.242 0.225 0.516 0.117

T x N p-value 0.012 0.695 0.779 0.319 0.112

G x T x N p-value 0.227 0.705 0.871 0.118 0.098
Means followed by different letters are significantly different; the level of significance (p-value) is shown in the table.
aGenotype per seed rate: H150, hybrid barley sown at 150 seeds per m2; H300, hybrid barley sown at 300 seeds per m2; C350, conventional barley sown at 350 seeds per m2; C500, conventional
barley sown at 500 seeds per m2.
bSoil tillage: CT, conventional tillage, with ploughing; MT, minimum tillage.
cN fertilization: 60 + 60, 60 and 60 kg N ha-1 during GS 23 and GS 31, respectively; 30 + 90, 30 and 90 kg N ha-1 during GS 23 and GS 31, respectively.
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3.5 Global warming potential

The crop practices applied to produce barley on average resulted in

a GWP of 229 CO2 eq. per t of grain. By analyzing the relative

contribution of each practice, it emerged that fertilization accounted for

about 42% of the total GWP, and this was followed by grain harvesting

(25%). The contribution of soil tillage (on average 23%) varied between
Frontiers in Agronomy 09
31% of the total for CT and 13% for MT. A lower contribution was

reported for sowing (8%), with slight difference according to the seed

density, as well as for the chemical weed control (1%).

Figure 4 shows the GWP of the different combinations of

genotype per seed density and soil tillage. In accordance with the

grain yield results, the hybrid genotype had lower greenhouse gas

(GHG) emissions (9%) than the conventional one. The
FIGURE 3

Effect of the combination of genotype per seed rate and soil tillage on the grain yield, kernels per ear and thousand kernel weight (TKW) for the field
experiment carried out in Chivasso in 2018-2020. The reported data refer to the average of 3 growing seasons and 4 replications. Different letters
between treatments indicate significant differences (p-value<0.05). Error bars represent the standard error of the mean. Genotype per seed rate:
H150, hybrid barley sown at 150 seeds per m2; H300, hybrid barley sown at 300 seeds per m2; C350, conventional barley sown at 350 seeds per m2;
C500, conventional barley sown at 500 seeds per m2. Soil tillage: CT, conventional tillage, with ploughing; MT, minimum tillage.
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combinations of hybrid per seed rate (H150 and H300) showed a

statistically lower GWP than C500 for the CT condition, due to the

higher grain yield and the smaller number of seeds per ha, while no

difference was found from C350. No differences were found
Frontiers in Agronomy 10
between the combinations of genotype per seed rate for the MT

condition. As far as soil tillage is concerned, as expected, MT had a

significantly lower impact on GWP (202 kg CO2 eq. t-1, -21%) than

CT (256 kg CO2 eq. t-1).
TABLE 5 Effect of the combination of barley genotype and seeding rate, soil tillage and N fertilization on the test weight (TW), grain protein content
(GPC) and deoxynivalenol (DON) contamination for the field experiment carried out in Chivasso in 2018-2020.

Factor Source of variation TW (kg hl-1) GPC (%) DON (µg kg-1)

Genotype per Seed Rate (G)a

H150 62.5 b 11.6 ab 6066 a

H300 63.4 a 11.2 b 4459 ab

C350 62.1 b 11.5 ab 3761 b

C500 62.0 b 11.7 a 3216 b

p-value < 0.001 0.033 < 0.001

Soil Tillage (T)b

CT 62.5 a 11.7 a 3406 b

MT 62.5 a 11.3 b 5289 a

p-value 0.894 < 0.001 < 0.001

N Fertilization (N)c

60 + 60 62.7 a 11.3 b 4233 a

30 + 90 62.4 b 11.7 a 4545 a

p-value 0.028 < 0.001 0.200

G x T p-value 0.639 0.359 0.413

G x N p-value 0.096 0.913 0.548

T x N p-value 0.289 0.590 0.598

G x T x N p-value 0.862 0.823 0.926
Means followed by different letters are significantly different (p-value<0.05). The level of significance (p-value) is shown in the table.
aGenotype per seed rate: H150, hybrid barley sown at 150 seeds per m2; H300, hybrid barley sown at 300 seeds per m2; C350, conventional barley sown at 350 seeds per m2; C500, conventional
barley sown at 500 seeds per m2.
bSoil tillage: CT, conventional tillage, with ploughing; MT, minimum tillage.
cN fertilization: 60 + 60, 60 and 60 kg N ha-1 during GS 23 and GS 31, respectively; 30 + 90, 30 and 90 kg N ha-1 during GS 23 and GS 31, respectively.
FIGURE 4

Effect of the combination of genotype per seed rate and soil tillage on the global warming potential (GWP, kg CO2 eq. t-1), considering 1 t of grain
yield as the functional unit, for the field experiment carried out in Chivasso in 2018-2020. The reported data refer to the average of 3 growing
seasons and 4 replications. Different letters between treatments indicate significant differences (p-value<0.05). Genotype per seed rate: H150, hybrid
barley sown at 150 seeds per m2; H300, hybrid barley sown at 300 seeds per m2; C350, conventional barley sown at 350 seeds per m2; C500,
conventional barley sown at 500 seeds per m2. Soil tillage: CT, conventional tillage, with ploughing; MT, minimum tillage.
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4 Discussion

Climate change is already affecting crop production, and abiotic

stresses, such as higher temperatures, drought, extreme events and

changing seasonal climate patterns, are expected to have an even

greater impact on agriculture in the future (IPCC, 2014). It is

therefore necessary to develop more resilient cropping systems by

defining different combinations of agronomic practices that can

satisfy this need. In this context, the cultivation of hybrid barley

could represent an innovation that would be able to guarantee a

higher resilience of cereal cropping system. As reported in previous

studies (Mühleisen et al., 2014a, b; Philipp et al., 2016; Preiti et al.,

2021; Blandino et al., 2023), but also in the present experiment, the

hybrid showed a generally higher grain yield potential (on average

+8%) than the conventional genotype under different agronomic

conditions. The higher yield capacity of the considered hybrid

genotype is clearly related to the higher ear dimension (i.e.

number of kernels per ear) and the higher seed weight. In

particular, the advantage, in term of TKW, is a consequence of

the higher stay green, as detected by the higher NDVI during the

ripening stages. The weak point of the hybrid, on the other hand, is

related to the lower plant density, which, in turn, is related to the

initial lower seed rate, and which always resulted in a lower ear

density at harvest than the system based on the cultivation of a

conventional genotype. Since the higher seed cost of a hybrid does

not allow the same seed rate to be achieved as a conventional

genotype, it is necessary to design cultivation systems that will be

capable of minimizing the agronomic weakness of such genotypes.

Compared to previous articles that compared the yield capacity of

hybrid barley with that of a conventional one, the analysis of the

yield performance has also been carried out in this study

considering a series of cropping systems, based on combinations

of different seed rates, soil tillage management practices and N

fertilization, which are all crop practices that have a direct influence

on the tillering capacity and ear density of barley. The compared

seed rates did not significantly affect the final ear density of the

different genotypes, thus confirming the plasticity of winter cereal

for this trait that has been reported to be more plastic than the

kernel per ear or kernel weight (Sadras and Slafer, 2012; Slafer et al.,

2014). Indeed, the tillering index was inversely proportional to the

seed density, with a significant decrease from the lowest density to

the highest one, while no differences were found for the

intermediate values, regardless of the genotype. This is likely to

be related to an increased intra-row competition between

neighboring plants for space and nutrients, as found in previously

studies (O’Donovan et al., 2011). A different type of behavior was

observed for the two compared genotypes concerning the grain

yield, although the difference was not statistically significant, and it

depended on the seeding rate, although a clear interaction with the

soil tillage treatment was also observed. The highest initial

investment of the conventional genotype (C500) under the MT

conditions led to a higher grain yield, while the lower one (C350)

led to a higher production under the CT conditions. Conversely, the

hybrid genotype did not show such a difference between the two

seeding rate treatments (H150 and H300), thus suggesting that

reducing the seed quantity had less impact on the yield
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performances of this genotype, as already observed by Preiti

et al. (2021).

Soil tillage influenced the vegetative development of the crop to a

great extent throughout the early phases (GS 21-61), since MT

reduced the emergence rate, but also the growth speed in the first

stages (Peigné et al., 2007; Ingraffia et al., 2023). It was observed, when

comparing the different combinations of genotype per seed rate, that

the higher initial investment of the plants was a key factor in achieving

a high vegetative crop development and an optimal soil coverage for

MT. However, CT showed a more marked effect of the genotype,

regardless of the seed rate. The hybrid, due to its greater vigor, which is

mainly manifested in a high biomass development (Preiti et al., 2021;

Fernández-Calleja et al., 2023), and because of the better seedbed

preparation, was able to quickly overcome the initial disadvantage of a

lower plant investment, and no statistically significant differences were

observed between the H150 andC500 treatments, while slightly higher

average soil cover values were detected. The more unfavorable

conditions of MT, associated with a lower soil porosity, lower soil

warming, and lower N availability (Melaj et al., 2003), could instead

have limited the potential growth of the hybrid in the first steps of the

cultural cycle. Indeed, the hybrid, with its greater plant development

under CT conditions, had a larger number of kernels per spike than

the conventional genotype. Conversely, the difference between the

compared genotypes for this yield component was significantly less

pronounced under the MT conditions.

It was also observed, for both genotypes, that a higher N

availability at the beginning of spring (60 + 60) allowed the crop

to grow faster, as a result of a higher tillering capacity and biomass

development. N fertilization, considering the combination of the N

rate and timing of application at different growth stages, has been

shown to influence the plasticity of the yield components in winter

cereal to a great extent (Benincasa et al., 2022). An early N

application leads to a higher number of tillers per plant, and thus

to a better survival rate (Tehulie and Eskezia, 2021), thereby

ensuring a high early vigor and crop establishment. Preiti et al.

(2021) also found that higher N levels at tillering resulted in a higher

number of spikes. In addition, compared to other winter cereals,

such as wheat, barley may have less need of N during the stem

elongation phase, due to a shorter crop cycle, and the practice of

anticipating a higher rate of the nutrient at tillering could probably

be applied with greater agronomic benefits. Indeed, the application

of a higher N fertilization at tillering (60 + 60) resulted in a higher

yield, although the effect was influenced by the soil tillage: the effect

of the compared N fertilization treatments was more pronounced

under the CT conditions, whereas MT seems to mitigate the impact

of N fertilization on the grain yield, probably because of a lower soil

N availability (Melaj et al., 2003). Overall, the combination of CT

and a higher dose of N at the beginning of tillering (60 + 60) led to a

more rapid barley canopy closure, thereby maximizing light and

nutrient use efficiency (Schmitz and Ransom, 2021), and led to a

better crop establishment, which could be an important advantage

for hybrid genotypes due to their lower seeding rates. Furthermore,

although both soil tillage and the N fertilization timing showed a

similar impact on barley canopy development, in function of the

considered genotypes and seeding rate, only the N application led to

a significant effect on grain yield. Instead, the hybrid showed a
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prolonged canopy stay green during the maturation phase, mainly

due to the lower susceptibility to foliar disease, which was superior

to the compared conventional genotype, regardless of the seeding

density, soil tillage and N fertilization. A prolonged canopy stay

green is closely related to the duration of the photosynthetic activity

of the leaf area, which has a positive effect on grain yield and late

yield components (fully developed grain per ear and grain weight)

for a longer grain filling period. Therefore, the use of hybrid

genotypes could be an alternative to the use of other agronomic

strategies that are able to prolong the canopy stay green of barley,

such as the application of fungicides or foliar fertilizers (Marinaccio

et al., 2015). The longer stay green of the hybrid genotypes is

another agronomic trait that could lead to a higher N fertilization

rate at the tillering growth stage instead of at stem elongation,

without the risk of incurring a too rapid senescence, which could

negatively affect the targeted late yield components (grain per ear

and grain weight). This agronomic behavior could also be

supported by a deeper and more efficient root system (Kempe

and Gils, 2011), which could be able to increase the plant uptake of

N during the later phases of the crop cycle.

The hybrid and conventional barley genotypes also resulted in

differences in the grain quality traits, which were influenced to a great

extent by the adoption of the specific agronomic practices within the

cropping system, as already reported for the yield traits. The increase

in the seeding rate of the hybrid genotype resulted in a higher TW, due

to a lower tillering index and, consequently, a lower number of late

tillers, which were characterized by an incomplete starch

accumulation and less dense grain filling than the main stems

(Wang and Fu, 2020). No difference was found between the seeding

rates for the conventional genotype. Moreover, a more balanced N

fertilization between the tillering and the stem elongation increased

the TW, probably thanks to a more contemporary tiller development.

As regard the nutritional composition, the hybrid genotype

generally showed a lower GPC than the conventional one, as a

result of the greater stay green and grain weight, thereby resulting

in a higher starch-to-protein ratio. Moreover, considering the superior

grain yield, the protein yield per unit area of the hybrid genotype was

higher (+6%) than that of the conventional genotype. Regarding the

agronomic practices, both soil tillage and the N fertilization timing

influenced the GPC: CT resulted in higher values than MT, probably

due to a higher availability of N and better root functionality, which

led to a higher plant uptake (Peigné et al., 2007). The N fertilization

carried out at a higher rate at stem elongation also led to a significant

increase in GPC, due to both a higher N availability in the last stages of

the crop cycle and to a lower grain yield than the 60 + 60 treatment.

From a sanitary point of view, the compared hybrid genotype

showed a higher susceptibility to Fusarium head blight and resulted

in a higher accumulation of DON mycotoxins. Although the higher

sanitary risk associated with the cultivation of the hybrid genotype

than with the conventional genotype should be evaluated as part of a

larger pool of cultivars in order to obtain more reliable results, a

possible explanation for this higher susceptibility could be the

increased time required for ovary pollination and, consequently,

the wider temporal window for the onset of infection by the

pathogen, as has already been hypothesized for a rye hybrid

regarding ergot alkaloid contamination (Carbonell-Rozas et al.,
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2023). The potential higher susceptibility of hybrid genotype needs

to be minimized by adopting an appropriate cropping system, and, in

particular, it is necessary to avoid the application of MT for high-risk

precessions, such as grain maize (Blandino et al., 2012). Interestingly,

the increase in the seed rate led to a reduction in the DON content in

both genotypes, probably due to the reduced tillering and

consequently to a lower number of late tillers, which prolonged the

flowering and maturation, and resulted in an overall higher risk of

infection and accumulation of mycotoxins (Beres et al., 2018).

As is well known, a lower environmental impact can be achieved

for the mitigation of the GWP either by implementing less polluting

agronomic techniques, such as reduced tillage practices and a lower

rate of N fertilization, or by increasing the crop yield per unit area

(Tricase et al., 2018a; Lovarelli et al., 2020). Therefore, the cultivation of

barley hybrids also needs to consider the environmental sustainability

requirements through an appropriate choice of the other crop practices,

in order to maximize their yield efficiency (Vinci et al., 2022). In this

study, the higher grain yield of the hybrid genotype led to a reduction of

the GWP, compared to that of the conventional genotype, although

this was only statistically significant compared to C500 under the CT

condition. Furthermore, the adoption of MT, which did not impact

barley productivity, compared to CT, resulted in a greater reduction of

the barley GWP, due to the lower number of direct and indirect GHG

emissions. The present experiment has highlighted that hybrid

genotypes, in the same way as conventional ones, could be cultivated

with the application of reduced tillage, without any clear reduction of

productivity, although special care must be taken due to the higher risk

of mycotoxin accumulation. Although the N rate was not considered in

this experiment, it is the first factor that contributes to the GWP of

winter cereal (Fantin et al., 2017; Del Hierro et al., 2021; Vinci et al.,

2022). In order to enhance the environmental sustainability of a barley

cropping system, it is necessary to verify whether the hybrid genotypes

exert a higher N use efficiency than conventional ones, and, if so, an

overall reduction of the N rate could be introduced, without any

negative impact on the agronomic traits.
5 Conclusions

Despite the drawbacks of their breeding, related to the high

seeding density coupled with a low cost-effective production system

and, consequently, high seed costs, the selection gain of hybrids could

be competitive, compared to conventional genotypes, and the demand

for a higher yield per unit area and a lower use of agronomic input,

could support the cultivation of autogamous cereal hybrids. This

research has highlighted that the introduction of hybrid barley into the

cropping system could maximize the grain yield even when low input

cultivation strategies are adopted. Furthermore, the study has further

underlined that genetic innovation requires an appropriate agronomic

adaptation of the cultivation management practices in order to fully

express its potential. Indeed, it is necessary to correctly address the

crop practices of a barley hybrid that allow the effects of a lower

seeding rate to be recovered, by stimulating crop tillering. The

management of N fertilization plays a key role in such a context.

Further investigations are needed to enlarge the comparison of a

higher number of hybrid and conventional genotypes in order to
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better validate and generalize these findings, and to define adapted

field programs for the cultivation of these genotypes in different

production situations. Furthermore, since the adaptation of crop

practices determines significant effects not only on the cereal yield,

but also leads to relevant changes of the sanitary and quality traits, as

well as of the intangible qualitative parameters, such as the GWP, the

future breeding of barley hybrids and their contribution to re-

designing cereal cropping systems should be addressed by carefully

considering these additional drivers through a holistic approach.
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