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Glossary and Definitions 
 
AL  Awn length 
DAS  Days after sowing 
FC  Fractional green cover 
FCs  Mean seasonal FC between emergence and last assessment 
GH  Grain humidity 
GY  Grain yield 
GN  Number of grains per square metre 
HD  Heading date (DAS) 
NDVI  Normalised Difference Vegetation Index 
SL  Spike length 
Tave  Daily average temperature 
Tmax  Daily maximum temperature 
Tmin  Daily minimum temperature 
TGW  Thousand grain weight 
TW  Test weight, hectolitric weight 
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Summary 
 
Objectives This task aimed to provide a phenotypic characterization of the capability 
of barley to develop a canopy under standard field conditions.  
 

 

Rationale: The trial was carried out for two years in Northern Italy with 283 barley 
genotypes selected based on information stemming from the common garden trials 
(Task 3.1). Reflectance spectra (visible and near infrared) were taken with portable 
field spectrometers and derived indices (as NDVI) calculated. A Dualex instrument 
was used to estimate the levels of chlorophyll and flavonoid content in the leaf. Digital 
images were taken with a digital camera and analyzed for canopy cover. These data 
were used to characterize traits determining light use efficiency and to study 
indicators of production and resource allocation, based on relations with reflectance 
indices, speed and degree of canopy closure, time course of light absorption, 
senescence. 
 

 

 

Teams involved: CREA  
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Canopy development experiments 
 

1.1. Materials and Methods 

A panel of 294 barley accessions (both landraces and cultivars) with different 
geographical origin and representative of the whole barley WHEALBI collection was 
identified. Additional selection criteria were related to seed availability and 
interactions with other WPs. Wild accessions were not included in the panel, since 
their seed dispersion feature and their completely different canopy development does 
not allow their comparison to domesticated barley. A set of 5 wheat-barley addition 
lines obtained through the addition of a barley chromosome from the cultivar Igri 
(WHEALBI accession n. WB002) in the genome of the wheat cultivar Martonvásári 
9kr1 (WHEALBI accession n. WW028) were included in the panel and the seeds 
were developed in WP6 and provided by partner 5 (MTA-ATK). The list of the 
accessions tested and detailed selection criteria are described in Milestone 10. 
Furthermore, barley and wheat genotypes used for the agronomic field trials were 
included in the second experimental year to contribute information to WP7.  

About 920 plots were sown in each year (barley WHEALBI accessions, wheat-barley 
additional lines and several checks, each entry with 3 replications), with a minimal 
variation in the list of accessions tested in the two years due to some impurity 
detected in few plots in year one that have impaired the sowing of the corresponding 
accessions in year 2. The current report focuses on 283 WHEALBI barley accessions 
that were included in both experimental years. 

The barley accessions were composed of landraces (36 %), cultivars (58.7 %), and 
lines of breeding/research materials (5.3 %). The barley accessions originated from 
Europe (51.9%) and extra Europe (48.1% from Africa, America, Central Asia, East 
Asia, the Fertile Crescent, and Russia). 

 

1.1.1. Agronomic treatments 

The experiment was conducted following local agronomic practice (see table 1) as a 
completely randomized block design with 3 blocks at Fiorenzuola d’Arda in Italy 
(44.925611°N, 9.893011°E). 
 

Table 1. Agronomic treatments applied in the trials at Fiorenzuola d’Arda 

 Year 1 Year 2 

Agronomic year 2015/2016 2016/2017 

Preceding crop Barley Onion 

Sowing date October 26th, 2015 November 9th, 2016 

Harvest date June 30th, 2016 July 17th, 2017 

Nitrogen, pre-sowing 45 kg ha-1 45 kg ha-1 

Nitrogen, topdressing 52 kg ha-1 February 22nd, 2016 52 kg ha-1 February 20th, 2017 

herbicide 
Axial Pronto, Trimmer SX 

March 18th, 2016 

Axial Pronto, Rajah  

March 16th, 2017 

fungicide None Zantara April 4th, 2017 

insecticide None Decis Evo April 4th, 2017 
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1.1.2. Measurements 

Canopy development was characterised through several campaigns during which 
digital photos and reflectance spectra were taken from above and analysed for green 
excess, and canopy spectral reflectance. Furthermore, height measurements, 
observations of heading date, spike type and color as well as scoring of windthrow 
and diseases were done. At final harvest grain yield (GY), grain humidity (GH), test 
weight (TW), and thousand grain weight (TGW) were determined. In addition, spike 
length (SL), awn length (AL), number of grains per spike (GS) and fruiting efficiency 
(FE) were measured on spikes of ten upright and 10 wind-thrown plants on samples 
taken from selected plots. The number of grains per square metre (GN) was 
calculated from GY and TGW. Some additional measurements (LAI, radiation 
balance of the canopy) were carried out on smaller subsets of the population. 

Spectral measurements were taken using FieldSpec HandHeld (y1) and  FieldSpec 
HandHeld 2 (y2) VNIR spectroradiometers (ASD Inc., Boulder, CO, USA) with a 
spectral range of 325–1075 nm, a wavelength accuracy of ±1 nm, and a spectral 
resolution of <3 nm at 700 nm with a field of view of 25° (aperture) full conical angle. 
Measurements were taken at distance of about 1 m above the canopy on each plot. 
The average of several spectra was recorded by the instrument. The averages of the 
VIs calculated for all spectra per plot were used for comparison with the VIs derived 
from a remotely sensed optical indices obtained with instruments on a drone platform 
(a work carried out in collaboration with CNR-IBIMET (Florence, Italy) external to the 
WHEALBI project. RGB images were taken with a SONY consumer grade camera at 
distance of about 1 m above the canopy pointing vertically downwards. Fractional 
green cover (FC) was extracted from the RGB images as fraction of pixels identified 
as green vegetation elements by calculation of excess green. 
 

1.1.3. Statistical analyses 

All statistical analyses including analysis of variance for the block design and test of 
Tukey HSD were carried out with R 3.1.1 (R Core team 2014). Broad sense 
heritability was calculated with the Sommer package in R.  

 

1.2. Results 

1.2.1. Meteorological conditions 

The growing seasons were characterised by moderately dry conditions during the 
growing cycle with 380 and 278 mm of precipitation in the first (2015/2016) and 
second (2016/2017) experimental year, respectively (Figure 1). These precipitation 
sums are lower than the 25-year average precipitation at Fiorenzuola from November 
to June (533 mm).  
Winter temperatures in year 1 were extraordinarily mild with minimum night time 
temperatures never dropping below -7.8 °C. The first month after sowing was 
particularly warm and the whole winter period warmer than average. Tmax exceeded 
30°C in the last decade of June, only.   
Winter minimum temperatures in year 2 never dropped below -10.7 °C. Though, 
during a 40-day period lasting from 22nd of December 2016 through 30th of January 
2017 (DAS 43 through 83) night frost occurred every night. 
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Figure 1: Meteorological conditions during the two experimental years, 2015/2016 (y1) and 
2016/2017 (y2). Top panels: daily average temperatures and precipitation sum, GDD = 
growing degree days (Tave > 0) accumulated during the crop cycle, CDD = cold degree days 
(Tave < 0) accumulated during the crop cycle, prec = precipitation sum accumulated during 
the crop cycle; Bottom panels: daily minimum, average and maximum temperatures.  

 
 

1.2.2. Grain yield and related traits 

Grain yield on average was higher in year 2 by 1.48 to ha-1 as compared to GY in 
year 1 and was higher also for the best and least productive accessions (Table 2). 
The higher GY in year 2 was accompanied by higher TGW and TW, while the final 
canopy height was lower. The measured traits were highly variable between 
accessions as evidenced by the {minimum, maximum} interval and CV. The 
experimentation in both experimental years evidenced statistically significant 
differences between accessions. The groups of best and least performing accessions 
did not overlap for any of the studied traits except GN, FCs and lodging in year 2. 
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Table 2: Descriptive statistics and ANOVA. Mean, Min and Max denote the average across 
all accessions, the trait value for the genotype with the lowest and the highest value, CV = 
coefficient of variance of accession means, p = p value of ANOVA or Kruskal Wallis test 
where residuals heteroscedastic (#), # highest = number of accessions that are not 
statistically different from the accession with the highest trait value, # lowest = number of 
accessions that are not statistically different from the accession with the lowest trait value.   
 

Trait Mean Min Max CV P # highest # lowest 

GY, y1 5.23 1.57 9.45 0.31 < 0.001 *** 92 145 

GY, y2 6.71 2.80 10.70 0.24 < 0.001 *** 118 135 

GN, y1 12954 3700 27141 0.33 < 0.008 ** # 149 254 

GN, y2 13675 6359 21376 0.21 < 0.001 *** 142 144 

TGW, y1 38.0 19.2 59.3 0.17 < 0.008 ** # 117 218 

TGW, y2 49.1 30.6 66.4 0.11 < 0.001 *** 11 22 

TW, y1 61.0 46.9 76.4 0.08 < 0.001 *** 13 34 

TW, y2 65.4 46.4 78.0 0.08 < 0.001 *** 132 21 

Height, y1 96.3 67.7 123.0 0.11 < 0.001 *** 129 116 

Height, y2 94.8 59.0 126.3 0.12 < 0.001 *** 69 38 

HD, y1 175 163 190 0.03 < 0.001 *** 13 24 

HD, y2 167 153 181 0.04 < 0.001 *** 37 46 

Lodging, y1 6.4 0.0 8.7 0.30 < 0.001 *** 228 36 

Lodging, y2 3.7 0 9 0.84 < 0.001 *** 156 206 

Prostrateness 3.71 1 5 0.27 < 0.001 *** 211 57 

FCs, y1 0.64 0.41 0.72 0.06 < 0.001 *** 213 3 

FCs, y2 0.36 0.26 0.47 0.08 < 0.001 *** 185 111 

NDVI, y1 

mid march 

0.94 0.90 0.97 0.01 

 

< 0.001 *** 160 49 

NDVI, y2 

end march 

0.93 0.66 0.98 0.02 < 0.001 *** 

# 

149 1 

 
 

1.2.3. Differences between groups of accessions 

Grain yield differed between groups (p < 0.001) with: elite cultivars > cultivars 

breeding/research materials > old cultivars > landraces in year 1 as well as year 2. 
It was highest for the European accessions as compared to other continental origins 
because the major fraction of the elite cultivars (86.4%) stemmed from Europe 
whereas landraces were underrepresented in the set of European accessions 
(21.8%). 
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1.2.4. Seasonal course of vegetation indices 

FC followed a different seasonal course in year 1 as compared to year 2. In year 1 it 
rapidly increased in the first month after sowing characterised by relatively high 
temperatures (Figure 2) and continued to increase throughout the mild winter. In year 
2, FC started to rise much slower and reversed between the third and fourth 
assessment. This reversal parallels the 40-day period with night frosts (Figure 2) after 
which FC increased rapidly. In both years a plateau of FC with values above 0.9 was 
reached in a period during which most of the accessions headed. FCs differed 
significantly between accessions in both years (Table 2). 

 

  

Figure 2: Seasonal course of green fractional cover (FC). The bold line and points show 
median and mean of all accessions, respectively, per measurement date. The thin lines 
below and above the median line represent the 5th and 95th percentile of the distribution of 
FC at every measurement date.   

 
 

First results of Task 3.3 were published in the International Journal of Remote 
Sensing (Di Gennaro et al. 2017). Remotely sensed (hexacopter platform) vegetation 
indexes were compared with indexes derived from spectra taken with the hand-held 
spectrometer at the ground for characterisation of differences in vigour at late tillering 
early shooting. Remotely sensed indices were well correlated with ground truth data 
and led to statistically significant differences between accessions that were separated 
only moderately less efficiently than those resulting from ground truth data. 

In year 1, reflectance spectra for the complete set of experimental plots were taken 
during one campaign (March 14 through 18) the results of which were used in Di 
Gennaro et al. (2017). Furthermore, reflectance spectra were taken on the first block 
of the experiment at 4 additional dates. In year 2, reflectance spectra for the 
complete set of experimental plots were taken six times during the vegetation period.  

The NDVI of barley accessions measured in March 2016 (year 1) significantly 
differed between genotypes though relatively high values were already reached in 
the nearly closed canopies (Table 2). At plot level NDVI and FC were correlated with 
r = 0.30 (p < 0.001). At accession level, canopy height and prostrateness index were 
negatively correlated with NDVI with r = -0.32 and r = -0.36, respectively (p < 0.001). 
NDVI in March was positively correlated with final GY and GN with r = 0.46 and r = 
0.38, respectively. NDVI data from March 2017 (year 2), were correlated with FC at 
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plot level and FCs at accession level with r = 0.41, r = 0.45 (p < 0.001). Furthermore, 
at accession level NDVI was positively correlated with final GY and GN with r = 0.45 
and r = 0.32, respectively. 

 

1.2.5. Disturbances 

As discussed in the preceding section a 40-day period with night frosts had an 
adverse effect on canopy development in year 2.  
Lodging was negatively associated with grain yield in both years with r = -0.68 and r 
= -0.57 in year 1 and 2, respectively. In year 1 lodging started earlier in the crop cycle 
and was more severe compared to year 2 (Table 2) and the decrease in GY per unit 
increase in the lodging rating was 0.50 t ha-1, while in year 2, the estimated impact 
was equal to 0.25 t ha-1. Similar accession sensitivities to lodging are evidenced by a 
between year correlation of r = 0.58 at the accession mean level. Furthermore, 49 
accessions rated below 4.5 in both years, 116 accessions rated above 4.5 in both 
years, 118 accessions rated below 4.5 in year 2 but above 4.5 in year 1 when lodging 
was more severe. No accession of those who rated below 4.5 in year 1 rated above 
in year 2. 
Incidence of biotic stresses was higher in year 1 than in year 2, probably related to 
the differences in agronomic practice. Barley was the preceding crop in the field used 
for the year 1 trial and no pesticides were applied, while the preceding crop was 
onion and pesticides were applied in year 2. The estimated grain yield loss per unit 
increase in powdery mildew incidence rating was 0.27 t ha-1 with an average rating of 
1.5, 62% of accessions were unaffected and 15% were rated > 4. GY and mildew 
rating were correlated with r = -0.34. 

 

1.2.6. Correlations between traits and broad sense heritability 

Broad sense heritability calculated for the two environments was 0.87 for GY, 0.78 for 
GN, 0.78 for TGW and 0.89 for heading date. The phenotypic correlations for the 
accession means were 0.77 for GY, 0.62 for GN, 0.62 for TGW and 0.81 for heading 
date. 

Accession mean lodging scores and canopy height at March 14th 2016 were 
positively correlated with prostrateness index (assessed in year 1), r = 0.50 and r = 
0.79, respectively, while HD, TGW, and GY were negatively correlated with 
prostrateness index with r = -0.61, r = -0.34, r = -0.33, respectively. Thus, though 
prostrateness index was not significantly correlated with final plant height, an erect 
habitus was associated with earliness and greater canopy height in the vegetative 
phase as well as higher lodging sensitivity. Further analyses are required to assert if 
the negative association with GY and TGW is mediated through lodging or due to 
other causal links. 

In both experimental years, GY was mainly limited by GN, i.e. tillering, grain initiation 
and survival, while TGW, i.e. differences in the degree of grain filling played a minor 
though consistent role. At low GN, TGW converged between the two years. At high 
GN it was higher in year 2 than year 1 (average 49 vs. 37 g at GN > 12000 m-2) 
indicating elevated efficiency of grain filling in year 2. Analyses of phenotypic data will 
be continued with multivariate approaches. 
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1.3. Publication 

Di Gennaro SF., Rizza F., Badeck FW., Berton A., Delbono S., Gioli B., Toscano P., 
Zaldei A. & Matese A. (2017) UAV-based high-throughput phenotyping to 
discriminate barley vigour with visible and near-infrared vegetation indices. 
International Journal of Remote Sensing, 1-15. doi: 
10.1080/01431161.2017.1395974 
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Conclusion 
 
Highly significant between accession differences for all studied traits and large spans 
in the trait values (Table 2) demonstrate the high diversity of the population of 283 
WHEALBI barley accessions selected for this task. This is further evidenced by the 
clear separation between best and least performing groups of accessions. The two 
experimental years resulted in a moderately low to moderately high GY relative to the 
sites' potential under optimal conditions. High between year correlations and broad 
sense heritabilities suggest that the data set is a valuable resource for GWAS and 
allele mining approaches.  
The data set allows for the study of the impacts of prostrate or erect growth habit in 
the vegetative growth phase, of lodging sensitivity and tolerance to powdery mildew. 
Significant between accession differences resulted for canopy cover and NDVI at the 
level of whole crop cycle integrals as well as instantaneously. These indices for 
canopy development correlated with GY and yield components, relationships that will 
be further investigated with multivariate analyses. Between trait relationships will be 
studied with path analyses also taking into account meteorological indices in the 
diverse developmental phases.  
 


