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Abstract

This study aimed to explore how ten selected winter barley genotypes responded to variations in environmental conditions 
during the growth season by using fast chlorophyll a fluorescence and normalized difference vegetation index (NDVI) 
at the booting, anthesis and early grain-filling stage. Lower amount of rainfall during the anthesis induced instability in 
the function of PSII, observed as the positive K-band in six and the positive L-band in seven genotypes. At grain filling, 
all genotypes displayed negative K- and L-bands, suggesting an increase of stability within PSII. The performance index 
increased from booting to grain filling in most genotypes. Chlorophyll a fluorescence parameters were incorporated into 
the partial least squares model as explanatory variables of NDVI. After a cross-validation, the model with four latent 
variables was chosen explaining 75.8% variance (r  = 0.870) for NDVI. The principal component analyses showed two 
distinct types of the reaction of the barley genotypes to the mild drought stress at anthesis.
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as drought, heat stress, salt stress, and flooding, affect plant 
performance. One of the most important factors affecting 
plant growth and development is drought which induces 
different physiological and molecular responses, such 
as a decreased photosynthetic performance and changes 
in different biochemical pathways, on transcriptome, 
metabolome, and proteome levels (Ahuja et al. 2010).

In crops, changes in temperature and daily rainfall 
affect both crop yield and nutritional quality (Porter 
and Semenov 2005). Studies of the interaction between 
different barley genotypes (cultivars) and environments 
give useful information about yield stability and quality 

Introduction

One of the major challenges in the global agricultural pro-
duction is creating crops tolerant to stresses that affect 
plant productivity in cropping systems. Such decrease of 
crop productivity has challenged food security (Hanjra 
and Qureshi 2010). Plant responses to stress are complex 
and they are influenced by both environmental and genetic 
factors (Reynolds et al. 2016). Climate variations affect 
a plant performance and are able to modify a phenotype 
expression on the morphological and physiological levels 
(Cassman et al. 2011). Limiting environmental factors, such 
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(Lalić et al. 2010). The insight into complex networks 
of molecular interactions controlling plant acclimation 
to field conditions could significantly improve chances 
for developing crops with an enhanced tolerance to field 
conditions. This imposes a need for breeding and selection 
of the genotypes with better adaptation to diverse climate 
regimes. 

Within recent years, one of the emerging noninvasive 
methods often used for assessment of canopy greenness 
is normalized difference vegetative index – NDVI (Raun 
et al. 2001). NDVI is an index derived from spectral 
reflectance peaks and represents one of many spectral 
vegetation indices in use (Li et al. 2014). Use of NDVI 
and other vegetation indices derived from measurements 
of canopy reflectance has been demonstrated in the 
evaluation of green biomass (Cabrera-Bosquet et al. 2011) 
and  the in-season estimation of a grain yield in crops such 
as wheat (Walsh et al. 2013). In crop breeding, there is 
a growing demand for new, high-throughput phenotyping 
methods that are reliable and can integrate measurements 
over time and space and offer information about the 
efficiency of the use of resources (Araus and Cairns 2014) 
such as fertilizers and crop adaptations to unfavourable 
environmental conditions (Reynolds and Langridge 2016). 
Plant carbon and nitrogen contents as well as their ratio 
(C/N) have a significant impact on a crop yield and grain 
quality (Lawlor 2002). The C/N ratio presents a valuable 
indicator for diagnosing the balance of carbon and nitrogen, 
growth, and nutrient status in crop plants (Xu et al. 2015), 
and it is usually estimated by invasive chemical methods.

Chlorophyll (Chl) a fluorescence is another responsive, 
noninvasive method for measuring plant performance by 
assessment of photosynthetic efficiency in different envi-
ronmental conditions (Oukarroum et al. 2007, Kalaji 
et al. 2012, Brestič et al. 2018). Chl a kinetics can be 
used to describe energy transfer within PSII (Strasser 
et al. 2004). Parameters obtained by the JIP-test are 
used for determination of the relationship between a 
structure (chemical inventory and architecture of pigment 
assemblies) and a function of photosynthetic apparatus 
(Strauss et al. 2006). They also describe the connection 
between Chl fluorescence and biological functions 
(Strasser et al. 2004) through the biophysical interpretation 
of parameters derived from measured transients. Abiotic 
stresses, such as drought, salt, and light stress, can have a 
direct or an indirect impact on the photosynthetic activity 
and modify the Chl a fluorescence kinetics (Živčák et al. 
2008, Kalaji et al. 2011, Sun et al. 2016, Kalaji et al. 
2018). Chl a fluorescence is broadly used for screening 
of responses of different plant species and/or genotypes 
to stress and can be a useful method for the screening of 
stress-tolerant and -sensitive genotypes in different crop 
species (Prasad et al. 2008). As it represents a data-rich, 
high throughput approach readily used as a selection 
criterion (Kalaji and Guo 2008), it conforms to the needs 
of breeders in selection processes (Araus and Cairns 2014).

Barley is one of the first cereals cultivated and adapted 
for cultivation (Badr et al. 2000). It occupies the fourth 
place in cereal production in the world and the third one in 
Europe according to Eurostat. One of its most significant 

characteristics is the ability to adapt to various climatic 
conditions making it suitable for growing from subarctic 
to subtropical areas. It is most often grown in moderate 
climate areas. More than a thousand cultivars, which meet 
market and industry requirements, have been produced so 
far through the processes of breeding and selection. There 
are also different winter and spring cultivars phenotypically 
adapted to different climatic conditions. Most of barley is 
grown for cattle feeding (85% of total production) and the 
rest is used for malting in the brewing industry and the 
production of other drinks and food supplements according 
to FAOSTAT. Historically, barley was more represented in 
human nutrition, before the intensification of wheat and 
rice production. Today, it is still prevalent in the countries 
(Africa, Asia) with unfavourable climate conditions for 
wheat cultivation, although it is becoming more and more 
popular in developed parts of the world. 

The main objective of this study was to screen and 
evaluate the adaptation of ten winter barley cultivars, 
from the late stage of a barley breeding program, to the 
intraseason variations of climate during the growth in the 
experimental fields where they were exposed to randomly 
stressful conditions. Namely, influences of these changes 
on the functioning of the photosynthetic apparatus and 
biomass traits were in focus of this study. In addition, this 
study aimed to explore the possibility of using chlorophyll a  
fluorescence for screening of barley genotypes in terms of 
predicting stress-tolerant and -sensitive cultivars. It  can 
considerably contribute to the future selection and the 
breeding process. 

Materials and methods

Plant material and field trial: Ten winter barley cultivars, 
from a larger set of late stage Agricultural Institute Osijek 
(AIO) breeding program, were selected for this research. 
Plant material contrasted in several agronomic traits, such 
as grain yield, maturity date, and spike configuration 
(Table 1S, supplement). 

The five-day difference in ripening was considered as 
maturity group switching criterion. Field trial was set as a 
randomized complete block (RCBD) with three replicates 
during 2017/2018 growing season at Agricultural Institute 
Osijek (45°32'N, 18°44'E). Plants were grown under 
natural rain-fed conditions. Crops were sown during fall 
(9 October 2017) with 450 grains m–2 on 7.56 m2 plots. 
Grain yield was estimated for every separately harvested 
replicate on trial basis (7.56 m2 plot) which was considered 
as a technical replicate. Soil type at the growing site is 
eutric cambisol with pH 6.5. Nonlimiting contents of 
nutrients were applied prior to sowing with 50 kg ha–1 of 
urea (46% of N), with subsequent application of 400 kg 
ha–1 of NPK fertilizer (formulation 7:20:30) as a starter 
and with additional fertilizing just before awn emergence 
stage with 70 kg ha–1 of KAN (27% of N). Weeds and 
diseases were controlled as necessary. Weather data, 
including rainfall and temperature were obtained from the 
Agricultural Institute Osijek measuring station, which was 
located less than a kilometre from the experimental site. 
Total rainfall during the growing season (October 2017 till 
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June 2018) was 426.8 mm with 23.3 mean maximum and 
10.5°C mean minimum temperature. Between booting and 
anthesis recorded precipitation was 0.8 mm, while between 
anthesis and grain-filling stage precipitation was 0.6 mm 
in total. The mean temperatures and rainfall between the 
stages booting, anthesis, and grain filling are presented in 
Fig. 1S (supplement).

Normalized difference vegetation index (NDVI) and 
agronomical traits: Measurements were performed using 
Trimble GreenSeeker® crop sensing system (Trimble, 
USA). NDVI was measured at booting, anthesis, and 
grain-filling stage across the whole section of the trial. 
Moving at a constant speed along the rows between plots, 
the GreenSeeker was held at about 60 cm above the crop 
canopy and its effective resolution captured approximately 
four inner rows out of 14 in a single plot. At ripening 
stage, in June 2018, the whole plot was harvested for 
determination of grain yield using a plot harvester. Yield 
was expressed in t ha–1 at 14% of grain moisture.

Carbon (C) and nitrogen (N) content: The C:N ratio 
in plant tissue was analysed after determination of total 
organic C and total N concentrations in dry plant samples. 
Total organic carbon concentration in plant samples 
was determined by sulfochromic oxidation (mixture of 
potassium dichromate solution and sulphuric acid at a 
temperature of 135°C) and colour intensity was measured 
spectrophotometrically (Cary 50 Conc, Varian, CA, USA) 
(Manojlović et al. 2019). The method was calibrated 
using glucose solution. The sample size in organic C 
analyses was 50 mg and therefore six repetitions for 
each sample were done. N content in plant samples was 
determined by the Kjeldahl method (Behr Distillation Unit 
S3, behrotest®) after digestion of the ground dry plant 
material with sulphuric acid (Digest block system K-437, 
Buchi Corporation, NC, USA). The sample size in total N 
analysis was 500 mg and three repetitions for each sample 
were analysed.

Fast Chl a fluorescence measurement: Fast Chl a fluo-
rescence (ChlF) transients were measured with Handy PEA 
(Hansatech Instruments Ltd., Norfolk, UK) on flag leaves 
of ten barley cultivars. All measurements were performed 
in the field on the leaves that were dark-adapted for  
30 min with leaf clips. Data obtained at the booting stage 
served as control. ChlF transients were induced with a 
pulse of saturating red light [3,200 µmol(photon) m–2 s–1,  
λ = 650 nm]. The OJIP kinetics of transients was measured 
by recording data from 20 µs to 1 s with resolution of 118 
data points. Recorded fluorescence transients were analysed 
using the JIP-test (Strasser et al. 2000, 2004). Calculations 
and biophysical descriptions of used parameters are shown 
in Table 2S (supplement). Total driving force (DFABS) 
for photosynthesis of the observed system, presented 
as log PIABS, is summed up by the corresponding partial 
driving forces: log γRC/(1 – γRC), log ϕP0/(1 – ϕP0), and  
log ψE0/(1 – ψE0). The difference for the booting and the 
anthesis and/or grain-filling stage, respectively, ∆DFABS 
was calculated as ∆DF = DFanthesis/grain filling – DFbooting. To 

compare recorded OJIP transients for specific events 
in the OJ and OK phases, the difference in the relative 
variable fluorescence was calculated and presented as 
∆VOJ and ∆VOK normalized to the booting developmental 
stage (Yusuf et al. 2010). In every 7.56 m2 plot (biological 
replicate), 15 plants were measured (field technical repli-
cates). In the data processing stage and outlier removal, 
40 of 45 measurements for each genotype were kept, 
comprising totally 800 technical replicates (plants) left for 
JIP-test analyses on ten cultivars basis. 

Principal component analysis: Briefly, principal compo-
nent analysis (PCA) aims to best represent the variation 
in the data based on a multitude of original variables. 
This is achieved by finding the latent variables principal 
components made from linear combinations of original 
data that will most efficiently capture the variation in the 
original dataset. PCs represent statistical models with the 
scores (distance from the PC origin for every data point), 
the loadings (variable contributions for each PC), and the 
residuals (Bro and Smilde 2014). PCA efficiently solves 
the collinearity between variables (Wold et al. 1987), and 
was hence used to analyse the ChlF data. Parameters tFm, 
VJ, ABS/RC, DI0/RC, TR0/RC, ET0/RC, RE0/RC, φP0, φE0, 
RC/CS0, PIABS, NDVI, and grain yield were used as input 
to set a PCA model. All the variables were scaled, centred, 
and log transformed. The components explaining at least 
10% of variation present in the dataset were analysed. The 
analysis was performed in R environment (R Development 
Core Team 2019) with R's own function prcomp. Plots 
were constructed using the R/ggbiplot package (Vu 2011). 

Proline and dry mass content: For proline and dry mass 
(DM) analyses, 20–30 plants were sampled from each 
plot in three growth stages (booting, anthesis, and grain 
filling). Flag leaves were combined for each genotype 
separately and from this combined sample, three technical 
replicates were analysed. The tissue was ground in liquid 
nitrogen using mortar and pestle. For determination of 
proline, tissue was dried at 65°C for 48 h and for dry mass 
content, tissue was dried at 105°C for 24 h. Proline content 
was determined according to Carillo and Gibon (2011). 
Dried tissue (20 mg) was extracted overnight at 4°C with  
400 µL in ethanol:water (40:60, v/v). After centrifugation, 
50 µL of ethanol extract was used for measuring proline 
content on microplate reader (Tecan Spark, Männedorf, 
Switzerland) at 520 nm. Proline content in ten barley 
cultivars was calculated from the standard curve using 
proline as standard and expressed as nmol per mg of dry 
mass (DM). 

Statistical analyses: Statistical differences between se-
lected winter barley cultivars were analysed using the 
factorial analysis of variance (ANOVA) followed by post-
hoc Fisher's Least Significant Difference test (LSD). 
Differences were considered significant at p<0.05. For 
fluorescence measurements, each data point represents the 
mean ± standard deviation of 40 independently measured 
plants, e.g., technical replicates on plot basis (n = 40) and 
all data were normalized to the booting stage to adequately 
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compare different cultivars. The linear model between 
the logarithm of electron transport quantum yield (ϕE0,  
ET0/ABS) relative to performance in booting, and loga-
rithm of PIABS relative to performance in booting was set 
in R with 40 independently measured plant values per 
barley variety normalized to the performance in booting 
(n = 800). Chl fluorescence and reflectance indices such 
as NDVI are known to be sensitive methods for evaluation 
of stress occurrence in plants (Lichtenthaler et al. 1998). 
Compared to Chl fluorescence, NDVI measures the 
fraction of photosynthetic radiation absorbed by plants, 
without assessment of the utilization efficacy on the plant 
side (Cavender-Bares and Bazzaz 2004). In order to test 
informativeness of NDVI in faster assessment of general 
photosynthetic performance of varieties, a partial least 
squares (PLS) model was set. PLS model with NDVI as 
dependent variable (y), and all 56 calculated biophysical 
ChlF parameters used for PCA (Strasser et al. 2010) as 
predictors (x) was set in R/pls library (Mevik et al. 2018). 
Model was calibrated with 10-fold cross-validation 
procedure. Agronomic parameters were analysed in R by 
the means of ANOVA, and the post-hoc tests were applied 
after the inspection of the residuals for normality using 
packages car and agricolae.  

Results

NDVI, yield variability, and proline content: Maximum 
NDVI values among all barley cultivars were observed at 
the booting stage. Cultivars Osk.5.36/25–15, Pleter, and 
Zlatko showed the highest values of NDVI in booting 
(Table 1) and the similar results were also observed in the 
anthesis. At the anthesis stage, the cultivar Titan showed 
the lowest and cultivars Osk.5.36/25–15 the highest NDVI 
value. At the grain-filling stage, a large overall drop in 
values occurred in all investigated cultivars. Notably, the 
lowest value was recorded in the cultivar Titan, belonging 
to the early group of cultivars. 

Grain yield of ten winter barley cultivars is shown in 
Table 1. The cultivar Osvit had significantly a lower grain 
yield. The cultivar Predator showed the highest grain yield of  
8.063 t ha–1. Genotypic effects on barley grain yield were 

less pronounced with regard to data acquisition in a single 
year of the field trials. 

The increase in proline content at anthesis, followed 
by a decline at grain filling was observed in all genotypes 
except for Barun. The significantly highest mean values 
of proline and dry mass were observed at anthesis. No 
significant differences were observed for dry mass content 
between the anthesis and grain-filling stage (Table 2).

Changes in OJIP transients in selected winter barley 
cultivars: The apparent difference in the L- and K-band 
(Fig. 1) was observed at anthesis and grain filling. While 
at anthesis only three genotypes – Barun, Osk.5.36/25–15, 
and Lord – revealed negative amplitudes of L-band (Fig. 
1A), at grain filling, all ten selected genotypes showed 
negative amplitudes (Fig. 1B). The K-band at anthesis (Fig. 
1C) revealed completely negative amplitudes in Predator, 
Barun, Osk.5.36/25–15, and Lord genotypes. Genotypes 
Zlatko, Bravo, Pleter, and Maestro showed negative 
inflections, while Titan and Osvit showed mainly positive 
amplitudes. At grain filling (Fig. 1D), completely negative 
K-band amplitudes were observed in all ten genotypes.

To evaluate the condition of the photosynthetic appa-
ratus in ten winter barley genotypes, selected structural 
and functional parameters calculated from JIP-test were 
chosen: PIABS, ϕP0, ψE0, ϕE0, δR0, ϕR0, RC/CS0, ABS/RC, 
DI0/RC, TR0/RC, ET0/RC, RE0/RC, tFm, VI, and VJ  
(Fig. 2). Each genotype was normalized to its respective 
control measured at booting. Genotypes Osvit and Lord  
(Fig. 2A,J; Table 3S, supplement) exhibited significant 
changes in multiple parameters at anthesis, while Titan and 
Osk.5.36/25–15 at both, anthesis and grain-filling stage 
(Fig. 2D,I; Table 3S).

The measure of multiparametric driving force (DF) 
of total photosynthetic electron transport is created by 
summing up the partial driving forces (Fig. 3) of PIABS. 
At anthesis, the highest increase of ∆DFABS can be seen 
in genotypes Lord and Osk.5.36/25–15 (Fig. 3A). In 
both cultivars, the increase of the difference in all three 
parameters contributed equally to the overall increase of 
∆DFABS at anthesis. Zlatko and Titan were the only two 
genotypes showing negative ∆DFABS at anthesis. At grain 

Table 1. Analysis of variance for grain yield and normalized difference vegetation index (NDVI) at three growth stages: booting, 
anthesis, and grain filling of ten barley cultivars. Different letters in superscript represent statistical significance at p≤0.05. Data are the 
means of three biological replicates ± standard error of mean (n = 3).

Cultivar Grain yield [t ha–1] NDVI (booting) NDVI (anthesis) NDVI (grain filling)

Pleter 7.753 ± 0.80ab 0.813 ± 0.015a 0.747 ± 0.021ab 0.280 ± 0.046bc

Zlatko 7.917 ± 0.65ab 0.813 ± 0.015bc 0.743 ± 0.021ab 0.263 ± 0.010bc

Titan 6.860 ± 0.28cd 0.767 ± 0.021bc 0.703 ± 0.021c 0.193 ± 0.035c

Osvit 5.377 ± 0.36d 0.780 ± 0.027bc 0.710 ± 0.027bc 0.250 ± 0.030c

Barun 7.100 ± 1.33bc 0.800 ± 0.017bc 0.727 ± 0.015bc 0.287 ± 0.072c

Predator 8.063 ± 1.41a 0.770 ± 0.020c 0.710 ± 0.035c 0.303 ± 0.025c

Bravo 7.330 ± 0.39bc 0.807 ± 0.011abc 0.747 ± 0.029ab 0.367 ± 0.040bc

Maestro 6.897 ± 1.83ab 0.797 ± 0.015ab 0.743 ± 0.038bc 0.323 ± 0.055bc

Lord 7.280 ± 0.85bc 0.797 ± 0.035ab 0.777 ± 0.035bc 0.400 ± 0.035ab

Osk.5.36/25–15 7.410 ± 1.12bc 0.840 ± 0.020bc 0.797 ± 0.035a 0.490 ± 0.040a
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filling, genotypes Osk.5.36/25–15, Pleter, Lord, and Osvit 
can be distinguished as genotypes with the highest increase 
of ∆DFABS (Fig. 4B). At grain filling, the genotype Titan 
was the only genotype that displayed negative ∆DFABS that 
came from considerable decrease of all three parameters. 
The contributions of each partial driving force to ∆DFABS 
are shown in Table 4S (supplement).

Principal component analysis (PCA) was chosen to 
test whether the observed differences in photosynthetic 
efficiency between different growth stages were genotype-
specific. The first two PCs in the booting stage explained 
82.1% variation present in the dataset (Fig. 4A). During 
the booting, the lowest variability in performance was 
observed in Osk.5.36/25–15, Bravo, Lord, and Maestro. 

Table 2. Proline content [nmol mg–1(DM)] and dry mass content (DM) in leaves of ten barley genotypes measured in three developmental 
stages: booting, anthesis, and grain filling along with standard deviations (n = 3). Different letters in superscript represent significance 
between means of all cultivars at different developmental stages at p≤0.05. 

Stage Booting Anthesis Grain filling
Cultivar Proline DM Proline DM Proline DM

Pleter 0.049 ± 0.001d 0.202 ± 0.019bc 0.095 ± 0.007b 0.277 ± 0.020bc 0.085 ± 0.004a 0.296 ± 0.031abc

Zlatko 0.078 ± 0.003a 0.240 ± 0.022a 0.090 ± 0.007bc 0.276 ± 0.025bc 0.068 ± 0.003de 0.266 ± 0.017bcd

Titan 0.070 ± 0.005b 0.245 ± 0.031a 0.087 ± 0.006bc 0.281 ± 0.083bc 0.054 ± 0.003g 0.285 ± 0.042abcd

Osvit 0.059 ± 0.001c 0.241 ± 0.013a 0.087 ± 0.007bc 0.270 ± 0.040c 0.079 ± 0.002ab 0.292 ± 0.037abcd

Barun 0.064 ± 0.009bc 0.183 ± 0.008cd 0.061 ± 0.004e 0.451 ± 0.139a 0.060 ± 0.001fg 0.333 ± 0.024a

Predator 0.063 ± 0.002bc 0.239 ± 0.016a 0.076 ± 0.005d 0.264 ± 0.063c 0.071 ± 0.005cd 0.323 ± 0.020ab

Bravo 0.046 ± 0.005d 0.193 ± 0.009bcd 0.106 ± 0.008a 0.253 ± 0.037c 0.077 ± 0.003bc 0.258 ± 0.033cd

Maestro 0.066 ± 0.002bc 0.221 ± 0.007ab 0.086 ± 0.003bc 0.283 ± 0.032bc 0.065 ± 0.001ef 0.231 ± 0.049d

Lord 0.047 ± 0.004d 0.199 ± 0.028bcd 0.091 ± 0.005bc 0.321 ± 0.038bc 0.080 ± 0.001ab 0.283 ± 0.042abcd

Osk 5.36/25–15 0.043 ± 0.003d 0.168 ± 0.028d 0.085 ± 0.001cd 0.378 ± 0.034ab 0.076 ± 0.008bc 0.238 ± 0.053cd

Mean 0.058 ± 0.012c 0.213 ± 0.310b 0.086 ± 0.012a 0.305 ± 0.790a 0.071 ± 0.010b 0.280 ± 0.440a

Fig. 1. Changes in the shape of the chlorophyll a fluorescence transient curves for ten barley cultivars at anthesis (A,C) and grain-filling 
stage (B,D). Each curve represents average kinetics of 40 chosen technical replicates per genotype. Average fluorescence data were 
normalized between O and K steps (L-band; A,B) and plotted as difference kinetics ΔWOK = WOK – (WOK)ref in the 0.02–3-ms time range. 
Fluorescence data normalized between O and J steps (K-band; C,D) were plotted as difference kinetics ΔWOJ = WOJ – (WOJ)ref in the 
0.02–2-ms time range. Average values measured in booting for each cultivar were used as referent value (WOK)ref and (WOJ)ref.
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Fig. 2. Spider plots are showing normalized values of selected chlorophyll a fluorescence parameters characterizing PSII functioning in 
ten barley cultivars at the anthesis and grain-filling stage. All values are shown as difference compared to the measurements in booting 
(booting = 1). Each curve represents average kinetics of 40 chosen technical replicates per genotype. Raw data shown in the spider plots 
are presented in Table 3S (supplement).
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Variation among the other six cultivars mostly overlapped, 
founding the genotype-specific reactions. Interestingly, all 
cultivars showing distinct reactions belonged to middle-
late and late maturity groups. Relative to loadings of 
ChlF parameters, loading for grain yield was negligible in 
describing the variation between the cultivars at this stage 
(Table 5S, supplement).

ChlF and NDVI and grain yield explained 83.4% 
of the variation present among cultivars at anthesis in 
the first two PCs (Fig. 4B). PC analysis revealed two 
distinct photosynthetic reactions during the anthesis stage. 
Reactions of cultivars Osk.5.36/25–15, Bravo, Lord, and 
Maestro, tightly grouped in PC1, were the most defined 
by PIABS, RC/CS0, φP0, tFm, and VJ. Grouping of cultivars at 
anthesis might have been influenced by the drought present 
at this stage contrasting two possible types of physiological 
responses to stress. PC2 was highly correlated to parameter 
φE0 representing the quantum yield of electron transport 
and grain yield. Relative importance of grain yield and 
NDVI in describing the variance between and among 
genotypes at anthesis was lower compared to all ChlF 
parameters analysed (Table 1). The relative importance of 
grain yield and NDVI in describing variation among and 
within cultivars was relatively the largest at the anthesis 
stage, compared to booting and grain filling (Table 1).

ChlF and agronomic parameters explained 79.0% of 
variation present among cultivars at the grain-filling stage 

in first two PCs (Fig. 4C). At grain filling, distinct reactions 
of all assessed cultivars were observed. Reactions of 
cultivars Lord and Maestro, positioned on the positive side 
of the PC1 were mostly determined by higher values of 
trapping, absorption and dissipation per reaction centre 
variable fluorescence at J step. Reactions of Osvit, Titan, 
and Barun were mostly determined by the high tFM values, 
and low values of ET0/RC, RE0/RC, NDVI, and grain 
yield. The three of five best yielding cultivars (Predator, 

Fig. 3. Relative changes in the difference of driving forces (∆DF) 
of ten barley cultivars, indicated as the difference of the DFs 
at the anthesis and grain-filling stage minus the DF in booting. 
Each DFABS is calculated by summing up their partial driving 
forces: log γRC/(1 – γRC), log ϕP0/(1 – ϕP0), and log ψE0/(1 – ψE0). 
Represented values are the mean of 40 chosen technical replicates 
per genotype.

Fig. 4. Principal component analysis and the eigenvectors of 
the explanatory variables for the variation within and among 
ten barley genotypes at booting (A), anthesis (B), and grain-
filling stage (C). Points represent values for each plot (biological 
replicate, n = 30 per stage).
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Osk.5.36/25–15, and Bravo) were grouped around the 
origin of PC1, and on the positive side of PC2, while the 
reactions of the other two cultivars (Pleter and Zlatko) were 
defined by the higher values of PIABS, φE0, φP0, and RC/CS0, 
causing the shift towards the negative side of PC1. 

Linear model between the logarithm of ET0/ABS and 
PIABS: Linear model between the logarithm of electron 
transport quantum yield (φE0, ET0/ABS) and logarithm 
of PIABS relative to performance at the booting stage was 
set to test the relative contribution of electron transport 
quantum yield to performance index on absorption basis 
at the anthesis and grain-filling stage (Fig. 5), as relatively 
large effects of these parameters were observed in grouping 
of cultivars at anthesis and grain-filling stage. Data were 
normalized to the booting stage so that the differences 
between cultivar reactions would be more pronounced. Out 
of 800 data points, 696 or 87% were located in the positive 
quadrant of the graph, implying greater than zero values 
for logarithms of the two parameters relative to booting 
stage values. Linear relation between the logarithms of 
relative PIABS and ET0/ABS was weaker at anthesis (R2 
= 0.339) compared to the grain-filling stage (R2 = 0.921) 
representing smaller contribution of electron transport to 
performance index on absorption basis and a generally 
greater spread in performance. The variety Zlatko showed 
relatively the best overall performance that was consistent 
at both, anthesis and grain-filling stage, although there was 
the greater spread in performance observed at anthesis. 
Genotypes Bravo, Maestro, Osvit, Pleter, Titan, and Zlatko 

showed larger variation, and less linearity in relationship of 
logarithm of PIABS and the logarithm of electron transport 
quantum yield (ET0/ABS) at anthesis compared to grain 
filling. On the other hand, the genotypes Barun, Lord, 
and Osk.5.36/25–14 showed more linear relationships of 
the two parameters in both growth stages implying lower 
sensitivity to drought at anthesis. The most consistent 
relationships of logarithm of PIABS and the logarithm of 
ET0/ABS at anthesis and grain-filling stage were observed 
in the genotypes Predator (RANTH = 0.958, RGF = 0.971), 
Lord (RANTH = 0.940, RGF = 0.982), Osk.5.36/25–15 (RANTH = 
0.911, RGF = 0.971), and Barun (RANTH = 0.867, RGF = 
0.959) (data not shown). 

Linear model of Chl a fluorescence parameters and 
NDVI: The overall PLS model between ChlF parameters 
and NDVI explained 78.5% of variance for NDVI (R = 
0.886), suggesting strong relationship between the two 
methods for assessment of plant performance (Fig. 6). 
However, the predictive ability of the model was higher 
in grain filling, when NDVI was able to differentiate 
the cultivars that have more green colour from the ones 
entering the senescence (R = 0.513) compared to booting 
and anthesis (R = 0.349) when there was less variability 
in greenness between the cultivars (Fig. 6) resulting in  
two-fold increase in proportion of explained variance 
for NDVI. Two groups visible on the graph represent 
the stages with higher greenness before the occurrence 
of senescence on the right and the grain filling in which 
senescence occurred on the left. The highest values of 
loadings in the model were observed for parameters φP0 
(0.881), φE0 (0.352), and VJ (0.240).

Fig. 5. Linear model between the logarithm of ET0/ABS and PIABS 
at the anthesis (circle) and grain-filling stage (square) relative 
to the performance at booting stage (both normalized to booting 
stage). Data are the normalized values of 40 independently 
measured plant values at anthesis and grain-filling stage per 
barley cultivar normalized to the performance in booting (n = 
800).

Fig. 6. Partial least squares model (PLS) of normalized difference 
vegetation index (NDVI) and chlorophyll a fluorescence 
parameter. R2 is a coefficient of determination, RMSEP root mean 
square error of prediction and ncomp number of components in 
PLS regression used after model calibration. Data represent the 
three biological replicates per genotype per stage (n = 90). The 
non-black R2 values and regression lines represent the model 
predictive abilities for booting and anthesis (gray) and grain 
filling (red) NDVI performances.
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Discussion

Understanding the way plants adapt to changes of climate 
conditions is one of the major issues nowadays. The 
insight into complex networks of molecular interactions 
controlling plant acclimation could significantly improve 
chances of developing crops with an enhanced tolerance 
to field conditions. Climate change scenarios often assume 
increasing aridity in many regions around the world 
(Gratani et al. 2013). One of the goals of breeding process 
is to select barley cultivars with a better adaptation to 
diverse climate regimes. Here, we aimed to reveal response 
of selected winter barley genotypes to the mild drought 
stress that occurred during the growth season. 

The assessed genotypes belonged to four maturity 
groups (Table 1S). Low but significant levels of NDVI 
variation between maturity groups can be seen at the grain-
filling stage (Table 1) with the onset of senescence which 
is congruent with finding of Christopher et al. (2014). The 
highest mean levels of NDVI were obtained in the booting 
stage, cultivar Osk.5.36/25–15, a member of the late group 
of winter barley, having the highest NDVI value (Table 1). 
NDVI represents one of many vegetation indices extracted 
from spectral and hyperspectral peaks (Li et al. 2014, Din 
et al. 2017), such as green normalized difference vegetation 
index (GNDVI), normalized difference red edge index 
(NDRE), red edge chlorophyll index (CIred edge), MERIS 
terrestrial chlorophyll index (MTCI), etc. However, as 
NDVI represents a reliable phenotype, correlated with 
grain yield, fit for integration into complex models, it 
could provide a valuable insight into adaptive mechanisms 
of crops (Duan et al. 2017). There is a strong negative 
correlation between dry matter content and relative water 
content in barley vegetative parts (Teulat et al. 1997). The 
highest dry matter content detected in our study indicated 
the lower water content in plant material at anthesis. The 
plausible cause of the high dry matter content at grain 
filling is the onset of senescence, as the vegetative barley 
parts are known to accumulate dry matter or lose water at 
grain filling (Lawlor et al. 1981, Dordas 2012).

The positive correlations between the NDVI indexes 
and the leaf nitrogen content were reported in wheat 
(Hansen and Schjoerring 2003, Cabrera-Bosquet et al. 
2011), and maize (Freeman et al. 2007). NDVI indexes 
are known to be convenient in assessment of plant Chl 
content (Gitelson and Merzlyak 1997), which implies the 
existence of correlations between N content and NDVI 
as Chl molecules are rich in N. Conversely, the negative 
correlations were observed between the C content and C/N 
ratio (Tables 6S, 7S; supplement). Negative correlations 
between the reflectance indices in the proximate spectral 
peaks as NDVI and wheat and barley C/N ratio were reported 
before (Xu et al. 2015, 2018). The plausible cause of this 
negative correlation is the relative expression of C content 
as percentage. As the leaf enters the senescence, protein 
degradation occurs, and the nitrogen content decreases 
with the increase in activity of carboxypeptidases and 
proteases (Parrott et al. 2005). Carbohydrate accumulation 
in leaves presents another clear sign signalling the onset 
of senescence (Parrott et al. 2007, Distelfeld et al. 2014). 

Both of these processes imply the increase in relative 
proportion of carbon in faster senescing leaves compared 
to the leaves of the cultivars showing a more stay-green 
effect (Thomas and Ougham 2014). 

The JIP-test was used here to track changes of the 
light-dependent reactions of the photosynthesis through 
three developmental stages in the field where plants 
were exposed to direct changes of environmental condi-
tions. The rise of induction curves during first 2–3 ms 
is associated with primary photochemistry, namely, the 
light reactions of photosynthesis (Oukarroum et al. 2007). 
This is the rise from initial fluorescence (F0) to first 
intermediate step (J) at 2 ms. The O–J normalization 
exposes two additional steps, one at about 150 µs (L-band) 
and another at about 300 µs (K-band) (Strauss et al. 2006, 
Yusuf et al. 2010). Seven out of ten barley genotypes 
showed positive while only three genotypes (Barun, 
Osk.5.36/25–15, and Lord) revealed negative L-band at 
anthesis. The shape of L-band is influenced by the transfer 
of the excitation energy between antennae and reaction 
centres of PSII (Yusuf et al. 2010). Negative values 
indicated a better utilization of the excitation energy 
and higher stability due to better connectivity between 
PSII units in three genotypes. Positive values of L-band 
suggested a lower energetic connectivity and poor stability 
of the system in seven genotypes at anthesis that could be 
the consequence of mild drought stress. It has been shown 
that drought stress causes changes in PSII photochemistry, 
which could be connected to reorganisation and stability 
reduction of thylakoid membranes by declining the levels 
of PSII proteins, especially those in PSII antennae (Chen 
et al. 2016, Liu et al. 2019) directly affecting connectivity 
and stability of PSII.

Further, the K-band is known to be a very good 
indicator of various stressful conditions, especially 
drought (Oukarroum et al. 2007, Jedmowski et al. 2013, 
Daszkowska-Golec et al. 2019). Six out of ten genotypes 
revealed positive inflections of the K-band at anthesis. 
Positive values are associated with inactivation of 
oxygen-evolving complex (OEC) and/or the increase of 
functional antenna size (Kalaji et al. 2018). It was shown 
that manganese cluster of PSII presents very sensitive 
component of the electron transport chain (Oukarroum 
et al. 2009, Kalaji et al. 2016). Dissociation of the OEC 
facilitates donation of electrons to PSII by alternative 
internal electron donor, such as proline, which can be 
observed as positive K-band due to the temporary increase 
in the reduced Pheo–/QA

– concentration (De Ronde et al. 
2004). In our study, the mild drought at anthesis led to the 
induction of proline accumulation (Table 2). Proline is the 
amino acid included in the plant osmotic stress response, 
and the current plant proline concentrations are the result 
of the interplay of biosynthesis, degradation and inter- 
and intracellular transportation (Lehmann et al. 2010). 
Nevertheless, proline synthesis can also be a result of plant 
developmental stage and higher concentrations of proline 
can be expected in generative plant parts during flowering 
(Kavi Kishor et al. 2015). In addition, a recent study 
showed that the positive K-band is also associated with 
downregulation of genes encoding PsbC, PsbE which play 
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a significant role in attaching PsbO to OEC in response to 
drought in two barley cultivars (Daszkowska-Golec et al. 
2019). These results corroborate our findings and suggest 
impaired electron flow between the OEC and the acceptor 
side of the PSII RC in six barley genotypes. 

Negative K-band values, however, were often recog-
nized as the sign of tolerance to stressful conditions 
(Krüger et al. 2014, Żurek et al. 2014, Begović et al. 
2016). Furthermore, Vankatesh et al. (2012) reported that 
negative K-band indicates an intactness of functional PSII 
antenna size. Functional PSII antennae combined with 
good connectivity between PSII units (negative L-band) 
results in greater stability of the system what leads to 
better feeding of reaction centres with excitation energy 
and consequently to better energy conservation through 
electron transport (Yusuf et al. 2010, Venkatesh et al. 
2012). Therefore, negative K-bands observed in Barun, 
Osk.5.36/25–15, Predator, and Lord genotypes suggested 
that maintaining functional PSII antennae might be the 
effective mechanism to cope with limited water conditions 
in the field at this stage. All ten genotypes at grain filling 
revealed the negative L- and K-bands suggesting that 
connectivity between functional PSII antennae and RCs 
led to operating electron transport what in the long run 
generated efficient utilization of excitation energy. 

Parameters of the JIP-test are often used to identify 
the main targets of stress action (Yusuf et al. 2010, 
Kalaji et al. 2018). It represents the stepwise energy flow 
through the PSII (Strasser et al. 2004). The PSII is known 
to be extremely sensitive to changes in environmental 
conditions. The activity of PSII in unfavourable envi-
ronmental conditions reduces faster than many other 
physiological processes (Murata et al. 2007). The PSII 
protein complex is composed from numerous subunits 
involved in different parts of primary photochemistry, 
such as water–plastoquinone oxidoreduction, harvesting, 
and trapping of the light, and transport of the electrons in 
electron transport chain. Number of those proteins become 
phosphorylated in stressful conditions what is usually 
involved in recovery from photoinhibition (Chen et al. 
2009). Recent study showed that activity of PSII decreases 
when plants are exposed to drought due to the decrease of 
active RCs and most OJIP parameters are very sensitive to 
changes in relative water content (RWC) in wheat leaves 
(Rapacz et al. 2019). However, molecular mechanism that 
regulates events from acclimation, photoinhibition, and 
recovery in stressful conditions still remains unknown. 
Further, the performance index, PIABS (Fig. 2A,J) is known 
to be very responsive parameter to the water status of the 
plant (Oukarroum et al. 2007, Živčák et al. 2008). The 
early genotypes, Osvit, Zlatko, and Pleter as well as mid-
late Bravo showed slight, but continuous increase from 
booting to grain filling. Increase in PIABS can be attributed 
to changes in electron fluxes, as the flux ratios tend to 
increase with leaf age following the increase in the Chl 
content (Jiang et al. 2006, Mlinarić et al. 2017). Relative 
changes in each partial driving force (DF) enabled us to 
approximate the contribution of each parameter to the 
change of PIABS. The increase of PIABS at anthesis came 
mainly from the increase in partial DF of conversion of 

excitation energy to electron transport further than QA, 
∆log ψE0/(1 – ψE0) compared to booting. At grain filling, 
the increase in other two partial DFs, reaction centre 
density of all PSII Chls, ∆log γRC/(1 – γRC), and primary 
photochemistry due to the light reactions, ∆log ϕP0/(1 – ϕP0) 
contributed the most to the continuous increase of PIABS 
compared to booting. Other genotypes (except for Titan) 
showed the highest values of this parameter at anthesis 
what came mainly from the increase of ∆log ψE0/(1 – 
ψE0). The genotype Titan was the only one that exhibited 
decrease of PIABS after booting due to the decrease in partial 
DFs, ∆log ϕP0/(1 – ϕP0) and ∆log ψE0/(1 – ψE0), respectively. 
The increase in conversion of excitation energy to electron 
transport further than QA in most genotypes at anthesis 
was further supported by the increase of electron transport 
(ϕE0) and the efficiency that an electron moves further than 
QA

– (ψE0). In addition, the quantum yield for reduction 
of end electron acceptors at the PSI acceptor side (ϕRE0) 
increased, which suggested that cyclic electron flow was 
generated around PSI (Oukarroum et al. 2009, Ceppi et al. 
2012, Huang et al. 2018). The increase of ψE0 implies that 
efficient electron transport is achieved despite the lower 
amount of precipitation during anthesis, which could be 
due to the higher contents of proline detected at anthesis 
in barley cultivars (Table 2) and protective role of proline 
previously described. 

Quite accurate insight into PSII functioning can be 
obtained through the changes in specific fluxes per RC 
since only active RCs that can reduce QA are considered 
(Force et al. 2003, Strasser et al. 2004). The decrease of 
quantum yield of electron trapping (φP0) in Osvit, Zlatko, 
Bravo, Maestro, Pleter, and Titan at anthesis was followed 
by the increase of ABS/RC and TR0/RC what suggested 
that certain part of RCs was inactivated due to inhibited 
OEC. Most of the active RCs were transformed to ‘silent’ 
ones that cannot reduce QA (Strasser et al. 2004, Yusuf  
et al. 2010). Excess excitation energy is normally 
dissipated as heat, which was confirmed with the increase 
of DI0/RC in those genotypes. It has been demonstrated 
recently that dissipation of excess light energy in stressful 
conditions decreases efficiency of photochemical reactions 
(Chen et al. 2016). This corroborates our finding since 
the reduction in ϕP0 could be connected to the increase of 
energy dissipation under mild drought stress in our study. 
The simultaneous increase of ET0/RC, RE0/RC, and δRE0 
indicated that these genotypes could be rather unaffected by 
water deficit at anthesis. Genotypes Barun, Predator, Lord, 
and Osk.5.36/25–15 showed the increase of ϕP0, followed 
by decrease of ABS/RC, TR0/RC, DI0/RC, and RE0/RC. At 
the same time, ET0/RC remained unchanged, suggesting 
better resistance to the water deficit stress at anthesis. On 
the other hand, at grain filling, nine out of ten genotypes 
(except for Titan) revealed the decrease of all specific 
fluxes at grain filling compared to booting. The decline in  
ABS/RC suggested that all genotypes possess rather 
efficient mechanism to regulate the amount of excitation 
energy needed to reach RC. The decline in TR0/RC conse-
quently resulted in reduced ET0/RC as well as RE0/RC 
due to lower amount of trapped energy and not from 
reduction of electron transport capacity ψE0. The fact that 
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DI0/RC also declined at grain filling suggested that all 
trapped energy was efficiently utilized in electron transport 
chain. The genotype Titan, however, showed the decline 
in ET0/RC and RE0/RC, but did not show changes in  
ABS/RC, TR0/RC, and DI0/RC compared to booting. In 
addition, Titan was the only genotype that showed the 
decrease of PIABS mostly due to the decrease of ∆log ψE0/
(1 – ψE0), indicating that this cultivar showed considerable 
sensitivity to the given field conditions.

In PCA of ChlF and agronomic parameters, distinct 
reactions of genotypes at the booting stage can be 
attributed to genotype differences in maturity (Fig. 4A). 
All four genotypes that showed distinct reactions at 
booting belong to middle-late and late maturity groups. 
At anthesis, genotypes Osk.5.36/25–15, Lord, Bravo, 
and Maestro maintained high values of performance 
index on absorption basis due to maintaining high values 
of ϕP0 suggesting that the PSII photochemistry of these 
cultivars was not alleviated by drought stress. Higher 
loadings of RC/CS0 and tFm also suggest maintenance of 
high performance of the PSII. The higher fluorescence 
intensity at J step in this group suggested the decrease in 
electron transport beyond QA

– (Redillas et al. 2011). The 
cultivars that maintained high values of electron fluxes and 
performance indexes at grain-filling stage were the ones 
that showed relatively the highest grain yields, and were 
all grouped in the same quadrant (Fig. 4C). The relative 
performance of these cultivars was probably defined with 
slower leaf senescence compared to other five cultivars 
also confirmed by higher NDVI values (Table 1). In 
environments facilitating prolonged grain filling, the 
higher NDVI values can represent advantage in terms of 
yield formation (Marinaccio et al. 2015). Earlier onset of 
senescence and degradation of plastid proteome is also 
linked to degradation of photosynthetic pigments, poorer 
performance in nutrient reutilization, and consequently 
lower grain yield (Distelfeld et al. 2014, Viljevac Vuletić 
and Španić 2020). All of the cultivars represented in this 
study are high-yielding varieties by breeding standards. 
However, there were some differences especially in the 
lower yielding genotype Osvit being a hulless type. Based 
on the present results, two types of mechanisms of coping 
with stress at anthesis that can be suggested. The first one 
can be observed in genotypes Osk5.36/25–15, Bravo, and 
Predator that maintain highly functional electron transport 
during the mild drought at anthesis throughout the grain-
filling stage. The second one can be seen in genotypes 
Pleter and Zlatko that showed the drop in efficiency of 
electron transport at anthesis followed by catch-up phase 
at the grain-filling stage. 

The linear model between the logarithm of electron 
transport quantum yield (ϕE0, ET0/ABS) and logarithm of 
PIABS revealed that most samples showed better vitality 
after the booting (Fig. 5). This was probably caused by 
maturing and successive increase in the density of leaf 
active RCs. Plants are expected to have lower values of 
fluorescence parameters, such as ϕP0, at earlier growth 
stage (Wu et al. 2015), and the photosynthetic performance 
is expected to decline sometime after anthesis, as leaves 
enter the senescence (Humbeck and Krupinska 2003). 

Generally, the electron transport determined the change in 
plant performance more at grain filling than that at anthe-
sis. Two of the cultivars, Predator and Osk.5.36/25–15, 
showed the highest consistency in this function between the 
growth phases, while the importance of electron transport 
in performance index of cultivar Lord dramatically 
declined at grain filling with the onset of senescence. The 
two properties of the relationship of logarithm of ET0/ABS 
and logarithm of PIABS that seem to play the major role 
in determining the plant overall performance appear 
to be position or the ranking in the plot (Christen et al. 
2007, Oukarroum et al. 2007, Franić et al. 2020) and 
consistency in performance between phases. The most 
consistent cultivars between growth stages (Predator, 
Lord, Osk.5.36/25–15, and Barun) were also identified as 
the ones with negative L and K amplitudes indicating the 
lower sensitivity to drought at anthesis. Despite the change 
in importance of electron transport between phases, the 
position of cultivar Zlatko indicated best photosynthetic 
performance in both stages, which was accompanied by 
the second highest grain yield. However, consistency of 
determined relationships in Zlatko was low (RANTH = 0.494, 
RGF = 0.972). The most consistent genotype in performance 
between the stages (Predator) showed the highest grain 
yield. As a rule of thumb, the quantitative criteria in 
selection for drought tolerance could be proposed as the 
correlations between logarithm of ET0/ABS and logarithm 
of PIABS at anthesis and grain filling larger then 0.85, along 
with the negative values of L- and K-bands.

According to the previous results showing predictive 
value of ChlF, the partial least squares model predicting 
NDVI from fluorescence data used for PC analysis was 
constructed (Goltsev et al. 2012, Galić et al. 2020). Positive 
loading values for parameters assessing the quantum yields 
of the electron transport and variable fluorescence at J step 
were detected in model describing the variation in NDVI. 
The parameter NDVI is known as a function of PAR 
intercepting the leaf surface, while ChlF parameters were 
shown to react to different intensities of PAR (Kalaji et al. 
2012). Furthermore, this is in accordance with findings 
of Kucharewicz et al. (2017) in barley, Panda and Sarkar 
(2013) and Zhang et al. (2015) in rice, and Zhang et al. 
(2012) in maize. Parameters assessing the electron trans-
port can feasibly differentiate cultivars with faster and 
slower senescence what is in accordance with the ability 
of NDVI to measure the crop ‘greenness’, indicating the 
overall quantity of tissues able to perform photosynthesis. 
This also corroborates the higher predictive accuracies of 
the model in our study for grain filling NDVI performance 
compared to performances in booting and anthesis. 
However, in our study, it was not confirmed that NDVI 
was useful parameter to screen barley cultivars for stress 
tolerance. 

In conclusion, instability of PSII observed as slight 
disruption of oxygen-evolving complex (K-band) and lower 
energetic connectivity (L-band) were induced by lower 
amount of rainfall at anthesis. Nevertheless, the increased 
electron transport beyond primary acceptor QA contributed 
the most to the increased PIABS values in majority of geno-
types at anthesis. However, the stabilization and increase 
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of energetic connectivity within PSII was observed at the 
grain-filling stage. Furthermore, the increase of PIABS at 
the grain-filling stage can be attributed to the increase 
of density of reaction centres per chlorophyll. Based on 
the obtained results, we can conclude that: (1) two types 
of barley genotypes can be distinguished by the response 
to mild drought stress at anthesis: the ones that maintain 
the high photosynthetic efficiency during the mild 
drought and the ones in which the drop in photosynthetic 
per-formance during mild drought was followed by 
the increase in photosynthetic performance, and (2) 
the NDVI could provide valuable information about 
photosynthetic performance with respect to the ability of 
NDVI to measure the overall ‘greenness’ thus separating 
the cultivars displaying more the ‘stay-green’ effect from 
those entering leaf senescence consequently reducing their 
photosynthetic performance. However, use of ChlF offers 
some advantages over NDVI due to the higher information 
resolution, ability to detect stress and biophysical inter-
pretation of parameters providing a biological framework 
to the barley breeding programs. 
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