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Abstract

:

We tested six winter barley (Hordeum vulgare L.) cultivars in a small plot field experiment, measuring photosynthesis and other parameters three times during the growing season. Four genotypes—Andoria, Jakubus, Paradies and Zophia—are new, promising varieties with requirements of intensive technology, high yield potential and very good disease resistance. The two popular Hungarian varieties (KG Apavár and KG Puszta) are relatively old but they have good tolerance to extreme ecological conditions and outstanding resistance and winter hardiness. The aim of our research was to test the new varieties’ performance. Several recent studies found close connections among various photosynthetic parameters in barley, and we confirmed that in our research. There were significant differences between the varieties in the assimilation rate—the highest values were measured at the BBCH 47–49 stage (end of booting), except Jakubus and Zophia, where the highest values were at BBCH 73–75 (milk ripe). The cultivars’ response to irradiation change varied, especially at higher photosynthetic photon flux density (PPFD) levels. In April and May, the plants were in drought stress according to the intercellular CO2 level and the total conductance to carbon dioxide. The differences between the air and leaf temperature were also low, indicating water stress, but the assimilation rate was relatively high (9.07–14.09 µmol m−2 s−1).We found a close connection between normalized difference vegetation index (NDVI) values and grain protein content in each of the tested barley cultivars. The correlation was significant, at p = 0.01 level. The protein yield per hectare was determined rather by grain yield than protein content. The relationship between the NDVI values and grain yield was moderate, but NDVI values and protein content are in strong correlation.
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1. Introduction


Barley (Hordeum vulgare L.) is the fourth-most-important cereal crop in the world, being mainly used for animal feed, however, in regions where the climate for other cereal crops is not favorable, it is also a principal food source. In many parts of the world, barley is an extensively cultivated crop, but it is mainly produced in Europe (more than 60% of world production) using medium or intensive technology. The Mediterranean region of Europe is one of the most important production areas. Water shortage often lowers the productivity and yield of barley in this region, despite its good water-stress tolerance [1,2]. Notwithstanding that barley is mainly used as animal feed, malting barley is a more valuable product and beer is the most popular alcoholic beverage in Europe. Currently, barley is being studied as a promising biofuel source, too. Global food security is threatened by climate change and the rapid growth of the human population. As cereals (e.g., barley) are the nutritional basis of humans and animals, barley production must increase in a sustainable manner [3,4,5].



Barley can tolerate a wide range of environmental conditions, including extremes of latitude and longitude. It has a good level of adaptability to unfavorable environments (e.g., cold, drought, poor soils, shallow layer, high salt concentration) [6,7,8,9]. Compared to other cereals, barley is well-adapted to drought [10,11]. The strong, well-developed root system helps in drought tolerance. Barley is more tolerant than wheat to adverse climatic conditions [3].



The scientific topics that have interested barley researchers related to agronomy are mainly in terms of crop rotation and fertilizer application. Achieving higher yields with less input requires genetic improvement of varieties towards enhancing nutrient and water utilization efficiency of barley plants [12,13,14]. There are many papers published on nutrients, especially on the nitrogen supply of barley [15,16]. Drew (1975) wrote that barley has a strong root system and that the lateral roots of barley grow into patches of high concentration of NO3− and NH4+ [17]. Siebrecht et al. (1995) stated N-starved barley seedlings, once supplied with nitrate, demonstrated almost immediate uptake [18]. The estimation of N concentration in barley is possible using near infrared (NIR) reflectance of the leaf [19]. Barley cultivars react diversely to N supply, and significant differences can be detected in the yield and normalized difference vegetation index (NDVI) value [20].



Many projects are exploring the increase of water uptake and utilization of barley cultivars. Water uptake ability and water use efficiency of barley are determined by many factors and there are complex relationships between them [21,22,23,24]. Better drought tolerance of barley is another aim for plant breeders [2,25].



Decreasing light conditions cause generally lower photosynthetic activity in plants. Barley reacts similar to shade, but its acclimation ability is better than that of wheat, and researchers have found that varieties differ in their reaction to low irradiance conditions [15,26].



In our study we tested six winter barley varieties to explore their performance and the relationships between the photosynthesis parameters and agronomic traits. We investigated the reactions of the barley cultivars to nitrogen supply and different light conditions in details, because no information of that kind can be found in the literature according to these varieties. To achieve this we made wide range of measurements.




2. Materials and Methods


The experiment was set up in 2019 fall at the Látókép research site of the Debrecen University. The crop production experiment site was established in 1983. It has balanced, homogeneous soil and provides for individual water extraction, both of which were fundamental requirements for launching crop production and irrigation research. The experiment site’s coordinates are: 47°33′42″ N; 21°27′02″ E, about 15 km from Debrecen, Hungary.



The soil of the experimental area is calciferous chernozem formed on the Hajdúság loess ridge. Humus content of the upper layer is average (Hu% = 2.7–2.8), the thickness of the humus layer is around 80 cm. The soil plasticity index (KA) was between 43 and 47.6. The acidity of the upper soil layers is almost neutral (pHKCl = 6.46–6.6). The phosphorus supply of the calcareous soil is average (AL-soluble P2O5 133 mg kg−1), while its potassium supply is average-good (AL-soluble K2O 240 mg kg−1). The bulk density of the soil in the cultivated layers is 1.40–1.46 g cm−3, while it is 1.23–1.28 g cm−3 in the lower layers (Table 1). The pore volume is between 45–53.7% in the soil profile. It has a favorable water regime—the field water storing capacity is 808 mm in the 0–200 cm layer. The unavailable water content is 295 mm in the 0–200 cm layer. The amount of available water in saturated state is 513 mm in the 0–200 cm layer, of which 342 mm are readily available. The water table is at 3–5 m depth (Table 2).



The measurements were carried out in a small plot (2 × 9.2 m = 18.4 m2) experiment, with four independent real repetitions. Sowing was done on 5 October 2019, using a Sulky sowing machine adjusted to 400 seeds per m2 seed rate, with the depth at 5 cm. Fertilization levels were: N90P45K50 and N150P45K50 kg ha−1, plant protection treatments were average (1 × fungicide spray: 84 g L−1 epoxikonazol + 250 g L−1 fenpropimorf 1.2 L ha−1), intensive (3 × fungicide spray: 1 × 53 g L−1 (5.4 m/m%) prothioconazole + 224 g L−1 (22,9 m/m%) spiroxamine + 148 g L−1 (15,1 m/m%) tebuconazole 1.0 L ha−1 + 2 × 125 g L−1 (12.7 m/m %) prothioconazole + 125 g L−1 (12.7 m/m %) tebuconazole 1.0 L ha−1).



We measured the photosynthesis parameters, release of water vapor (H2O) by leaf, leaf area index (LAI) and normalized difference vegetation index (NDVI) 3 times (3 April (BBCH 27–29); 28 April (BBCH 47–49); 26 May (BBCH 73–75)) [27], maximum plant height, grain yield, grain moisture content and protein content. The six tested winter barley (Hordeum vulgare L.) genotypes—Andoria, Jakubus, Paradies and Zophia—are new, promising varieties, which are under registration (Jakubus, Zophia) or newly registered (Andoria in 2019, Paradies in 2020) in Hungary. They require rather intensive technology. Andoria is a 6-row winter barley variety, it has good straw stability and lodging resistance. This cultivar has a high thousand grain weight (TGW) and balanced disease resistance. Jakubus is a 6-row winter barley with extraordinary yield potential, good yield stability and high winter hardiness. It has good tolerance against leaf diseases (powdery mildew, brown rust) and is able to recover rapidly after damages. It is grown on large areas in Europe and its significance is increasing. Paradies is a 6-row winter barley variety with very good winter hardiness. It is one of the healthiest varieties of winter barley. It exhibits a high resistance to mildew and rust (APS 3). It also has resistance against barley yellow dwarf virus (BYDV) and barley yellow mosaic virus (BYMV). Zophia is a 2-row winter barley variety, with excellent disease resistance. The two Hungarian varieties are relatively old and fit mainly to extensive production conditions. KG Apavár (registered in 2011) is a 6-row winter barley variety with good tolerance of extreme ecological conditions and drought resistance. Its yield potential, disease resistance and winter hardiness is outstanding. KG Puszta (registered in 2002) is a 6-row winter barley variety. It is the oldest variety among the six tested genotypes (2002). Its yield potential is around the standard average, resistance and winter hardiness are outstanding and it has good tolerance to extreme ecological conditions.



Assimilation parameters were measured in intact leaves using the LI-6800 (LI-COR, USA) portable photosynthesis system. This system has two high-precision infrared gas analyzers to measure CO2 and H2O mole fraction in air. Using input and output of CO2 (μmol mol−1) and H2O (mmol mol−1), leaf temperature (°C), atmospheric pressure (kPa), flow rate (μmol s−1) and other measured parameters the instrument calculates net assimilation, transpiration, stomatal conductance, intercellular CO2 concentration [28] and other physiological parameters. The light was controlled in the sample chamber, we used 1000 µmol photon m−2 s−1 PAR, with 90% red (625 nm) and 10% blue (475 nm) light. For the light response curves, we used decreasing photon flux density in 9 steps (2000, 1500, 1200, 900, 600, 300, 150, 50, 20 µmol m−2 s−1).



The Li-6800-01A multiphase flash fluorometer head was used as a light source, the aperture was 2 cm2. The CO2 concentration was controlled in the chamber: 400 μmol mol−1 using injector and carbon-dioxide patrons. The ambient CO2 level was 399.946 μmol mol−1. The air humidity was controlled using Stuttgarter Masse ceramic substrate, the setpoint was 70%. There were two leaf thermocouple thermometers in the leaf chamber to measure leaf temperature [29]. We measured light-adapted leaves, six times per leaf on two plants per plot. Readings were logged when the measured parameters stabilized, but after a minimum of 120 s. Efficiency of photosystem 2 (PS2) was calculated using formula [29]:


PHIPS2 = 1 − Fs/Fm’



(1)







Water use efficiency parameters were calculated from the measured data.


WUE = assimilated CO2 (g)/transpirated H2O (kg)



(2)







Normalized difference vegetation index (NDVI) was estimated based on the absorption and reflection of near infrared and visible red light (Equation (3)) [30].


  N D V I =    (  N I R − R e d  )     (  N I R + R e d  )     



(3)







We used a Trimble (USA) GreenSeeker handheld crop sensor to do NDVI measurements. This sensor utilizes active illumination with light emitting diodes (LED) at two wavelengths 656 nm and 774 nm. The two-band optical reflectance sensor (optical reflectance ratio) records the intensity of the reflected light (Red and NIR). The sensor started to operate by pulling the trigger at the start of each row. We took multiple readings and an average was calculated when the trigger was released at the end of the sensed area. We held the sensor consistently 60 cm above the canopy for optimal reading.



Leaf area index (LAI) was measured using an LAI-2000 Plant Canopy Analyzer (LI-COR, USA) in one sensor mode, above-canopy and below-canopy readings were obtained using the same LAI-2050 optical sensor. We did 2 above- and 8 below-canopy readings for each plot. The 8 readings were averaged to each of the sensed plots.



Photosynthesis, LAI and NDVI measurements were taken from 8 to 10 am each time.



Grain yield of each plot was measured by a Sampo Rosenlew SR 2010 plot combine harvester equipped with a Coleman weighing system. It has a 2-m cutting width, so one plot can be harvested in one turn. We took a 2-kg sample from each plot in the combine and used Pfeuffer Granolyser NIR (Pfeuffer, Germany) equipment to determine moisture and protein content of the harvested grains. It uses NIR (near infrared) diode array technology, making 1500 individual scans per sample. The built-in spectrometer scans within the range of 950 to 1540 nm. The equipment was calibrated to barley grains.



Protein yield was calculated using the formula 4:


Protein yield (kg ha−1) = Grain yield (kg ha−1) × Protein content (%)/100



(4)







Climatic and weather conditions are continental and often extreme. Figure 1 shows the climatic conditions of the 2019/2020 crop year for the winter barley experiment in Debrecen. Thirty years’ (1981–2010) annual average temperature is 10.3 °C; precipitation is 560.1 mm. The sum of precipitation from September to June was 487.8 mm in 2019/2020 and the 30 years’ average is 444.9 mm, so the sum was higher than the 30 years’ average, but the distribution was uneven. In August, September and October, rainfall was in sum 51 mm less than the 30 years’ average, with temperatures higher than average, as well. The moisture content of the soil was very low around the sowing time and during germination, and the emergence of barley. In October, rain fell only on two days, (4th, 8.3 mm and 6th, 15 mm).



These conditions had a negative effect on the germination and early development of barley plants. In November, the rainfall was double the 30 years’ average and the temperature was notably higher. Winter barley has good adaptability and, due to the beneficial late fall and early winter weather, the varieties were able to compensate for the disadvantageous start. In February and March, the precipitation was higher than the 30 years’ average and it was warmer, so the barley developed well. April and May were very dry, the difference was −55.3 mm in sum compared to the 30 years’ average and there were only three rainy days in April. There were large cracks in the now-dry soil. In June, the rainfall was above the average, 52 mm higher than the 30 years’ average, but this was too late to aid the growth and development of the barley.



We analyzed and evaluated the data of experimental results with the IBM SPSS 22.0 (IBM Corp. Chicago, IL, USA) statistical software package using a GLM model to compare the means, with options of descriptive statistics and LSD post hoc tests, Pearson correlation analysis (2-tailed) to test the linear connections and MS Excel 2013 software to calculate natural logarithmic regression functions in analysis of assimilation rate light responses.




3. Results


In this study, we analyze photosynthetic, assimilation performance of barley cultivars and the relationship of these parameters with the other measured and calculated data, such as NDVI value, LAI, height, grain yield, protein content and protein yield. The analyses were based on the measurements made in the field in three developing stages in the growing season. First, we evaluate the assimilation parameters of the barley cultivars, then examine whether there are connections between assimilation parameters and yield and its quality.



3.1. Assimilation Parameters


We detected changes in the assimilation rate of the winter barley cultivars during the growing season. Of course, these are actual values, but we can compare the varieties to each other at different dates. The differences among the varieties were significant (p < 0.05). Highest values were measured on 28 April (BBCH 47–49), except for Jakubus and Zophia, where the highest values were on 26 May (BBCH 73–75) (Figure 2). The changes varied by genotype, but curves run fairly likewise in Paradies, KG Puszta, Andoria and KG Apavár. Jakubus has the highest value among the varieties on 3 April and 26 May, but the second lowest on 28 April. Its assimilation rate changed near linearly in the whole growing season, while the others’ rates slightly decreased after 28 April.



The experiment has demonstrated that N fertilization caused not significant differences in assimilation rate (p = 0.90) in general, but as Figure 3 shows the cultivars had varying reactions. Paradies, KG Puszta and Jakubus had higher assimilation rates at higher N levels, while Zophia and KG Apavár had lower rates, and the photosynthesis of Andoria did not change. The discrepancy in KG Apavár was −4.58 µmol m−2 s−1. KG Apavár is an extensive variety and cannot tolerate the higher N doses. The difference was significant in three varieties (KG Apavár, KG Puszta and Paradies) at p = 0.05 level, but in general the differences were not statistically significant, because the varying reactions of the cultivars.



We found weak correlation between transpiration and assimilation rate (r = 0.297, p = 0.04) on 28 April and a strong relationship between these two parameters on 26 May (r = 0.662, p < 0.01). There was no correlation at the first date, 3 April, according to the findings (r = 0.077, p = 0.60). Total conductance to water vapor was determined mainly by the stomatal conductance to water, since the correlation coefficient was 0.992 (p < 0.01) with it and 0.047, (p = 0.75) with boundary layer conductance to water vapor (Table 3).



We calculated the water use efficiency (WUE) of each involved cultivar. WUE varied from 24.78 to 61.29 g CO2 kg−1 H2O, according to the variety. The genotypes exhibited significant differences (p < 0.001).



We recorded light response curves of the genotypes with decreasing photon flux density in 9 steps. As Figure 4 shows, the six cultivars’ assimilation rates were similar at the low PPFD levels, but there are differences at higher light levels. The natural logarithmic regression functions fit well to the measured data points (R2: 0.9209–0.9745). The excellent fit is reflected in how clearly the curves delineate the differences. The assimilation rate did not differ significantly among the varieties at the PPFD levels in general, but pairwise comparison showed significant difference in some cases. Highest values were shown by Jakubus, then KG Puszta and Zophia. The curve of Paradies ran lower than that of the others at every photon flux density level. Assimilation rate of all the barley varieties fell rapidly below 300 µmol m−2 s−1 PPFD light levels, but it ranged between 1.81 and 2.17 µmol CO2 m−2 s−1 even at 50 µmol m−2 s−1 PPFD. Above 900 µmol m−2 s−1 light intensity, the changes were not significant between the PPDF levels, due to the effect of photorespiration on the assimilation rate.



We summed the assimilation rate values of the nine PPFD levels of each cultivar, in order to test the correlation with the yield. A strong positive linear correlation between the sum values and the yield (r = 0.864) was found and it was significant, at p = 0.05 level.



Intercellular CO2 level in barley leaves was reduced as light intensity increased. The change was especially expressed from 20 to 900 µmol m−2 s−1 PPFD levels; values decreased from 393.08 µmol mol−1 to half (196.65 µmol mol−1) of the ambient CO2 concentration (399.97 µmol mol−1). Higher light levels induced changes in photosynthesis system of the plants and resulted in low intercellular CO2 concentration (764.89−173.93 µmol mol−1); the stomata were closed because of stress (Figure 5). The natural logarithmic regression function fits well (R2: 0.9499). Total conductance to CO2 showed a different curve. It increased between 20 and 150 µmol m−2 s−1 PPFD from 0.073 to 0.123 mol m−2 s−1, but decreased between 150 and 2000 µmol m−2 s−1 PPFD from 0.123 to 0.057 mol m−2 s−1, although the change was significant above 900 µmol m−2 s−1 PPFD levels, as stomata on the leaves were closed (Figure 6).



Pearson correlation analysis was used to test whether a statistically significant linear connection exists between photosynthetically active radiation (PAR) and assimilation parameters. The results of the analysis (Table 4) showed PAR a very strong positive linear correlation with the assimilation rate (r = 0.764), very strong negative correlation with intercellular CO2 level (r= −0.921), temperature difference between air and leaf (r = −0.996), total conductance to CO2 (r = −0.765) and electron transport rate (r = −0.970). The connection was moderate with CO2 assimilation efficiency (r = 0.357), in a positive direction. We also found a very strong linear relationship between the intercellular CO2 level and assimilation rate (r = −0.931) in the negative range, between the intercellular CO2 level and the electron transport rate (r = 0.903), with the temperature difference of air and leaf (r = 0.885) in a positive direction.



The correlation coefficients pointed to very strong positive connection between efficiency of the PS2 system, transpiration (r = 0.788) and total conductance to CO2 (r = 0.949). According to the stomata opening, we expected close relationships between total conductance and some assimilation parameters. The analysis proved a connection to intercellular CO2 level (r = 0.688), temperature difference of air and leaf (r = 0.790), electron transport rate (r = 0.776) and transpiration (r = 0.727), respectively.




3.2. Leaf Area and NDVI Values


Leaf area index was measured three times in the growing season in each plot. Statistical analysis did not prove significant differences among the varieties on any date. Highest values were registered on 26 May, from 5.11 to 5.82 m2 m−2 depending on the cultivar (Figure 7). Leaf area development of barley plants almost was complete by 28 April (BBCH 47−49), it changed on average by 0.3 m2 m−2 afterwards. Leaf area formation time was somewhat diverse, but correlation analysis showed a strong to very strong significant relationship (r= 0.663−0.759, p < 0.001) among the LAI values of the different dates in the varieties.



The results of NDVI measurements showed differences between the cultivars on each of the three dates. On 3 April (BBCH 27−29), the discrepancies were not significant statistically, the variations were from 0.748 to 0.760. On 28 April (BBCH 47−49), only the NDVI value of Zophia (0.814) was higher significantly, compared to other cultivars (0.774−0.790). On 26 May, NDVI data showed significant differences among the varieties (p < 0.001). NDVI values of KG Puszta grew continuously in the growing season (0.748, 0.785, 0.814). The other five varieties had highest values on 28 April and these values decreased after that date (Figure 8). The KG Apavár variety had the lowest values in all of the three measurements (0.744, 0.774, 0.725).



We also investigated the effect of N supply on the NDVI values. The results on 3 April differed from our expectations, as Figure 9 shows the plots under higher N fertilization had lower NDVI values. The difference was statistically significant at p = 0.05 level in all varieties. Later in the season, the 60 kg ha−1 plus nitrogen dose had an effect on the NDVI data and we measured on average 0.0046-higher NDVI values in the N2 treatment plots. The difference varied from −0.015 (Paradies) to 0.028 (Jakubus), depending on the variety (Table 5).




3.3. Yield and Quality


Based on climatic conditions, 2019/2020 was average for winter barley. The differences in grain yields were statistically significant among the varieties (p < 0.001), but not significant as for fertilization levels (p = 0.070). The grain moisture content varied from 12.1% to 14.1%, with the average of the whole experiment being 12.98% (standard deviation: 0.41%). The effect of varieties was significant (p < 0.001). Zophia had the highest value, 13.48%, but it was even low enough to the safe storage. (Figure 10). The yield was between 6840.7 kg ha−1 and 8532.3 kg ha−1. Jakubus gave, at 1691.6 kg ha−1 (24.7%), a higher yield than the lowest yielder, KG Apavár, in an average of fertilization levels (Figure 11).



As the processed data shows, the higher nitrogen fertilization dose resulted in higher yields in all the tested six cultivars, with an average surplus yield of 497.5 kg ha−1, but the effect size varied and was not statistically proved. The difference was highest in KG Puszta (1273.3 kg ha−1) and lowest in KG Apavár (26.6 kg ha −1). According to the cost of plus 60 kg ha−1 nitrogen fertilizer and its result in increasing the yield, this application is unprofitable.



There were significant differences among the varieties in protein content of grains (p = 0.038), but the positive effect of higher N level on protein content has not been proved (p = 0.195). Protein content was determined genetically and the effect of N supply was low in our experiment (Figure 12).



We calculated the protein yield of barley for each plot using yield and protein content data. Statistical analysis showed significant differences in protein yield between both varieties (p < 0.001) and fertilization levels (p = 0.003). The lowest protein yield (737.7 kg ha−1) was Andoria in the N1 treatment, while the highest (1049.9 kg ha−1) was Jakubus in the N2 treatment (Table 6). In an average of cultivars, protein yield was 75 kg ha−1 higher in N2 (N150P45K50 kg ha−1) plots than N1 plots (N90P45K50). The difference between the two N treatments (N2−N1) varied from −31.4 kg ha−1 to 169.9 kg ha−1 (Table 6).




3.4. Connections between Assimilation Parameters and Yield and Quality


The results of Pearson correlation analysis, which we used to study the relationships among the measured data, have shown a moderate (r = 0.374), but significant (p < 0.01) positive linear connection between the yield and the NDVI3 values. When analyzing the cultivars respectively, KG Apavár had the lowest NDVI values for all the measuring dates and its grain yield was the lowest.



We found strong positive correlations between NDVI values and grain protein content. The correlation coefficients (r) varied from 0.561 to 0.668, depending on the NDVI measuring date, and the correlations were significant at p = 0.01 level (2-tailed). Protein content correlated with LAI—the relationship was moderate in positive ranges (r = 0.391−0.392, p < 0.01).



The protein yield per hectare was determined more by grain yield than protein content. The correlation was very strongly positive as for yield (r = 0.832, p < 0.01), while only strong as for protein content (r = 0.503, p < 0.01).



The plant height was in weak to moderate correlation with transpiration (r = −0.306, p < 0.05), temperature difference between leaf and air (r = 0.369, p < 0.01), stomatal conductance to water vapor (r = 0.297, p < 0.05) and total conductance to water vapor (r = 0.299, p < 0.05).





4. Discussion


We found significant (p < 0.05) differences among the barley varieties in assimilation rate, although these discrepancies changed over the growing season. This reflects the results of other studies [14,31]. The cultivars reacted variably to N fertilization and we could detect no significant difference between N supply levels in general, but the Hungarian variety KG Puszta and Paradies showed a statistically proved, increasing in assimilation rate at higher N fertilization. At the lower N rate highest photosynthesis rate was recorded in KG Apavár.



According to Arenas et al., barley has good adaptation to low irradiance levels under shade conditions and acclimation is better than that of wheat [26]. We found that the light response curves indicated good assimilation parameters for barley cultivars under low light conditions. Jakubus cultivar has potentially better photosynthetic acclimation than other tested varieties in shade conditions, as it showed higher photosynthetic activity at lower PPFD levels. Therefore, light quantum capture and carbon fixation ability were also better. Our results for the light response of barley cultivars are similar to those of Pang et al. (2018), based on their measurements for wheat [32].



Drought affects photosynthesis parameters of the plants, especially stomatal conductance and in consequence intercellular CO2 level of the leaves [33,34,35,36]. In April and May, the plants were in drought stress according to the intercellular CO2 levels and the total conductance to carbon dioxide. The differences between the air and leaf temperature were also low, which indicates water stress, but the assimilation rate was relatively high. Water use efficiency was also be affected by genotypes. The best performance was recorded in Zophia and Jakubus; the lowest in the two Hungarian cultivars KG Apavár and KG Puszta. WUE was determined mainly by the transpiration—the best varieties had lower transpiration values, not higher photosynthesis rates, comparing to the other genotypes.



Several recent studies recognized close connections among various photosynthetic parameters in barley [37,38,39]. These statements are confirmed in this study, as we also found significant, very strong, to strong correlations among the photosynthetic parameters of barley cultivars. Our research showed the transpiration was in close connection with stomatal conductance to water vapor and the correlation was stronger, then between transpiration and total conductance.



Chapin et al. (1988) wrote in their paper that limited N supply increased the photosynthetic rate of barley in young leaves, but reduced it in older leaves. N supply had an effect on the photosynthesis rate and leaf area development of barley [40]. Cai et al. (2011) confirmed net photosynthetic rate and the accumulated dry matter showed the same response to N application as grain yield in their study [41]. We found in our study that the assimilation rate of the varieties did not change similarly in connection to N application, and the effect was not significant in general, but higher N dose resulted in higher yields and higher protein yields in all of the six tested cultivars. Highest N fertilization induced reaction to yield was recorded in the oldest variety, KG Puszta and lowest in Paradies.



There were differences in leaf area, but the statistical analysis did not prove significant differences either among the varieties or among the N fertilization rates any time during the course of our research. These statements do not correspond to other studies, for example Dubey (2017) found that N treatment increased significantly the leaf area index (LAI) of barley [42].



Misse and Gupta (2018) stated that higher N rates indicated higher NDVI values in barley [43]. We have proved this in our study, but only later in the growing season, in BBCH 47−49 and BBCH 73−75 developing stages, but the difference was small, 0.6−3.6%. Jakubus presented the best reaction to N supply in NDVI values, the second was the KG Apavár. In the BBCH 27−29 stage, the effect of higher N dose was not present. We measured lower NDVI values, comparing to the N1 treatment. The relationship was moderate among the NDVI values and grain yields, but NDVI values and protein contents are in strong correlation. Our results are similar to those of other studies [44,45,46].



The protein content was influenced by the varieties. The performance of newly evolved 2-row barley, Zophia was the best, then Jakubus and KG Puszta. In general, higher N fertilization did not result in significantly higher protein production in the tested genotypes.




5. Conclusions


Testing newly introduced barley genotypes and detecting their reactions to different agroecological and agrotechnical conditions is essential to achieve higher efficiency of inputs in the production. Barley varieties show great variability in their agronomic and physiological traits. Our results clearly show that there are real differences among the genotypes in the photosynthesis parameters such as assimilation rate and water use efficiency. The tested barley cultivars reacted differently to the changing light intensity in assimilation parameters and the deviations were more expressed at high PPFD levels. Very low light conditions (PPFD below 300 µmol m−2 s−1) induced similarly sharp decreasing in assimilation rate of all genotypes. Competitive ability of the tested barley cultivars is not good under shady conditions. Jakubus was the best in the light curve response test (according to the assimilation rate) and it had the highest yield and protein yield as well. It corresponds with the reports on its excellent adaptability and performance under different ecological conditions. KG Puszta is the oldest variety among the tested ones, but it performed well, its yield was the second highest in average of N fertilization, which shows its good adaptation to Hungarian ecological conditions. KG Apavár is also an extensive variety—its reaction to N fertilization was the lowest in assimilation rate and yield. The protein content of the varieties is highly coded genetically and higher N fertilization did not result in significantly higher protein production in the tested genotypes. In our experiment the protein yield of the varieties was determined more by grain yield than protein content.
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Figure 1. Monthly sums of precipitation and averages of temperature comparing to the 30 years’ average (Debrecen, 2019/2020). 30 years av. prec: 30 years average precipitation; 30 years av. temp: 30 years average temperature, numbers in the bars: sum precipitation of the month. 
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Figure 2. Assimilation rate of winter barley cultivars, (Debrecen, 2020), means of N treatments, standard error of means. 4 replicates, 12 measurements (2 leaves, 6 recordings per leaf). The assimilation rate of the winter barley cultivars changed during the growing season. The differences among the varieties were significant, p < 0.05. 
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Figure 3. Assimilation rate of winter barley cultivars at different N supply (Debrecen, 2020). Standard error of means, 4 replicates, 12 measurements (2 leaves, 6 recordings per leaf). N fertilization did not cause significant differences in assimilation rate in general, but the cultivars had varying reactions. 
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Figure 4. Assimilation rate light curves of winter barley cultivars, 26 May (BBCH 73−75), N90P45K50 (Debrecen, 2020) 4 replicates, 12 measurements (2 leaves, 6 recordings per leaf). Barley cultivars’ assimilation rates were similar at the low PPFD levels, but there are differences at higher light levels. PPFD: photosynthetic photon flux density. 
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Figure 5. Intercellular CO2 level light curve in winter barley, average of cultivars, 26 May (BBCH 73–75), N90P45K50 (Debrecen, 2020) 4 replicates, 12 measurements (2 leaves, 6 recordings per leaf). Increasing PPFD resulted in decreasing intercellular CO2 level caused by stomata closing. The change was especially expressed from 20 to 900 µmol m−2 s−1 PPFD levels. PPFD: photosynthetic photon flux density. 
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Figure 6. Total conductance to CO2 light curve in winter barley, average of cultivars, 26 May (BBCH 73–75), N90P45K50 (Debrecen, 2020) 4 replicates, 12 measurements (2 leaves, 6 recordings per leaf). Higher PPFD levels caused stress and decreased significantly the total conductance to CO2. The change was significant above 900 µmol m−2 s−1 PPFD levels. PPFD: photosynthetic photon flux density. 
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Figure 7. Leaf area index values of winter barley cultivars in the growing season (Debrecen, 2020) Means of N treatments, standard error of means, 4 replicates. Leaf area development of barley plants almost was complete at BBCH 47−49 (28 April), statistical analysis did not prove significant differences among the varieties. 
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Figure 8. Normalized difference vegetation index (NDVI) values of winter barley cultivars in the growing season, mean of N treatments (Debrecen, 2020) Standard error of means, 4 replicates. NDVI measurements (BBCH 27−29, BBCH 47−49, BBCH 73−75) showed differences between the cultivars each of the measurement days. NDVI values of KG Puszta grew continuously in the growing season. 
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Figure 9. NDVI values of winter barley cultivars in different N fertilization doses (Debrecen, 2020) Standard error of means, 4 replicates. At BBCH 27−29 plots under higher N fertilization had lower NDVI values. The difference was statistically significant (p < 0.05). N1: N90P45K50; N2: N150P45K50 kg ha−1. 
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Figure 10. Grain moisture content of winter barley cultivars, average of N treatments (Debrecen, 2020). Standard error of means, 4 replicates. Means are compared to the average of the experiment. All varieties had adequately low grain moisture content to the storage. The differences in grain moisture content were statistically significant among the varieties. Different letters mean statistically significant difference (p < 0.05). 
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Figure 11. Grain yield of winter barley cultivars, average of N treatments (Debrecen, 2020). Standard error of means, 4 replicates. The differences in grain yields were statistically significant among the varieties. Different letters means statistically significant discrepancy between averages (p < 0.05). 
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Figure 12. Protein content of winter barley cultivars in connection to N-supply (Debrecen, 2020). Standard error of means, 4 replicates. The positive effect of higher N level on protein content has not been proved, protein content was determined genetically. N1: N90P45K50; N2: N150P45K50 kg ha−1. 
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Table 1. Soil analysis results of the experiment area (2015, Debrecen).
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	Layer

0–25 cm
	Layer

25–50 cm
	Layer

50–75 cm
	Layer

75–100 cm
	Layer

100–130 cm





	pH (KCl)
	6.46
	6.36
	6.58
	7.27
	7.36



	KA
	43
	44.6
	47.6
	46.6
	45.4



	CaCO3 (%)
	0
	0
	0
	10.25
	12.75



	Humus (%)
	2.76
	2.16
	1.52
	0.9
	0.59



	Organic C (%)
	1.60
	1.25
	0.88
	0.52
	0.34



	Total N (%)
	0.15
	0.12
	0.086
	0.083
	0.078



	NO3 + NO2 (mg kg−1)
	6.2
	1.74
	0.6
	1.92
	1.78



	P2O5 (AL) (mg kg−1)
	133.4
	48
	40.4
	39.8
	31.6



	K2O (AL) (mg kg−1)
	239.8
	173.6
	123
	93.6
	78



	Mg (mg kg−1)
	332.4
	405.4
	366.6
	249
	286.6



	Na (mg kg−1)
	38
	66.2
	55.4
	67.8
	62.6



	Zn (mg kg−1)
	2.8
	0.8
	0.58
	0.48
	0.84



	Cu (mg kg−1)
	5.86
	4.54
	3.64
	2.24
	1.64



	Mn (mg kg−1)
	438
	406
	339
	74
	4



	SO4 (mg kg−1)
	9.25
	9.13
	10.8
	7.95
	22.98







Note: KA: upper limit of plasticity according to Arany, Arany-type plasticity; AL: ammonium lactate-soluble; total N%: total nitrogen by Kjeldahl method.
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Table 2. Soil analysis results of the experiment area (2019, Debrecen).






Table 2. Soil analysis results of the experiment area (2019, Debrecen).





	Soil Layer
	Bulk Density (g cm−3)
	Porosity %
	Field Capacity w w−1 %
	Permanent Wilting Point w w−1 %
	hy





	5–25 cm
	1.46
	45.0
	33.3
	15.55
	2.715



	27–33 cm
	1.40
	47.3
	37.3
	15.70
	2.783



	47–53 cm
	1.23
	53.6
	38.3
	14.75
	2.755



	72–78 cm
	1.24
	53.0
	38.9
	14.20
	2.563



	97–103 cm
	1.26
	52.6
	40.6
	11.13
	2.168



	122–128 cm
	1.28
	51.8
	42.3
	9.38
	1.853



	147–153 cm
	1.25
	52.8
	44.6
	9.03
	1.778



	197–203 cm
	1.23
	53.7
	46.0
	8.50
	1.690







hy: hygroscopicity according to Kuron.
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Table 3. Pearson correlation coefficient values between assimilation parameters in winter barley (2020, Debrecen).






Table 3. Pearson correlation coefficient values between assimilation parameters in winter barley (2020, Debrecen).





	

	
Ass

	
Transp

	
GTW

	
GBW

	
GSW






	

	
Correlation Coefficients (3 April, BBCH 27−29)




	
Transp

	
0.077

	
1

	
0.927 **

	
0.028

	
0.931 **




	
GTW

	
0.027

	
0.927 **

	
1

	
−0.066

	
0.999 **




	
GBW

	
−0.210

	
0.028

	
−0.066

	
1

	
−0.062




	
GSW

	
0.032

	
0.931 **

	
0.999 **

	
−0.062

	
1




	

	
Correlation Coefficients (28 April, BBCH 47−49)




	
Transp

	
0.297 *

	
1

	
0.932 **

	
0.029

	
0.935 **




	
GTW

	
0.255

	
0.932 **

	
1

	
−0.066

	
0.998 **




	
GBW

	
0.067

	
0.029

	
−0.066

	
1

	
−0.063




	
GSW

	
0.252

	
0.935 **

	
0.998 **

	
−0.063

	
1




	

	
Correlation Coefficients (26 May, BBCH 73−75)




	
Transp

	
0.662 **

	
1

	
0.992 **

	
0.047

	
0.991 **




	
GTW

	
0.667 **

	
0.992 **

	
1

	
0.041

	
0.999 **




	
GBW

	
0.012

	
0.047

	
0.041

	
1

	
0.038




	
GSW

	
0.667 **

	
0.991 **

	
0.999 **

	
0.038

	
1








Significance as follows: * Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). 4 replicates, 12 measurements (2 leaves, 6 recordings per leaf). Ass: assimilation rate (μmol m−2 s−1); transp: transpiration rate (mmol m−2 s−1); GTW: total conductance to water vapor (mol m−2 s−1); GSW: stomatal conductance to water vapor (mol m−2 s−1); GBW: boundary layer conductance to water vapor (mol m−2 s−1).
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Table 4. Pearson correlation coefficient values between PAR and assimilation parameters in winter barley (2020, Debrecen).
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	Ass
	Ci
	Phi CO2
	Transp
	Tair-Tleaf
	Phi PS2
	ETR
	GTC





	PAR
	0.764 *
	−0.921 **
	−0.667 *
	−0.133
	−0.996 **
	0.357
	−0.970 **
	−0.765 *



	Ci
	−0.931 **
	1
	0.578
	0.094
	0.885 **
	−0.452
	0.903 **
	0.688 *



	Phi CO2
	−0.356
	0.578
	1
	0.788 *
	0.699 *
	−0.463
	0.641
	0.949 **



	Transp
	0.119
	0.094
	0.788 *
	1
	0.174
	−0.127
	0.155
	0.727 *



	Tair−Tleaf
	−0.703 *
	0.885 **
	0.699 *
	0.174
	1
	−0.337
	0.969 **
	0.790 *



	Phi PS2
	0.534
	−0.452
	−0.463
	−0.127
	−0.337
	1
	−0.204
	−0.308



	ETR
	−0.715 *
	0.903 **
	0.641
	0.155
	0.969 **
	−0.204
	1
	0.776 *



	GTC
	−0.424
	0.688 *
	0.949 **
	0.727 *
	0.790 *
	−0.308
	0.776
	1







Significance as follows: * Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). 4 replicates, 12 measurements (2 leaves, 6 recordings per leaf). PAR: photosynthetically active radiation (μmol m−2 s−1); ass: assimilation rate (μmol m−2 s−1), Ci: intercellular CO2 level (μmol mol−1); Phi CO2: CO2 assimilation efficiency (µmol µmol−1); transp: transpiration rate (mmol m−2 s−1); Tair-Tleaf: temperature difference between air and leaf (°C); PhiPS2: efficiency of PS2 system; ETR: electron transport rate (μmol m−2 s−1); GTC: total conductance to CO2 (mol m−2 s−1).
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Table 5. NDVI values of winter barley cultivars (2020, Debrecen).






Table 5. NDVI values of winter barley cultivars (2020, Debrecen).





	
Nitrogen Dose (kg ha−1)

	
Paradies

	
Zophia

	
KG Apavár

	
KG Puszta

	
Andoria

	
Jakubus






	

	
NDVI values (3 April)




	
N1:N90P45K50

	
0.770 a

	
0.780 a

	
0.750 a

	
0.758 a

	
0.753 a

	
0.758 a




	
N2:N150P45K50

	
0.733 a

	
0.740 a

	
0.738 a

	
0.738 a

	
0.743 a

	
0.748 a




	

	
NDVI values (28 April)




	
N1:N90P45K50

	
0.795 a

	
0.828 b

	
0.780 c

	
0.788 c

	
0.788 c

	
0.788 c




	
N2:N150P45K50

	
0.758 a

	
0.800 b

	
0.768 a

	
0.783 b

	
0.793 c

	
0.793 c




	

	
NDVI values (26 May)




	
N1:N90P45K50

	
0.753 a

	
0.793 b

	
0.715 c

	
0.820 d

	
0.740 a

	
0.775 b




	
N2:N150P45K50

	
0.738 a

	
0.795 b

	
0.735 a

	
0.808 b

	
0.745 a

	
0.803 b








The different letters mean significantly different values at p = 0.05 level.
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Table 6. Protein yield of winter barley cultivars (2020, Debrecen).






Table 6. Protein yield of winter barley cultivars (2020, Debrecen).





	
Nitrogen Dose (kg ha−1)

	
Protein Yield (kg ha−1)




	
Paradies

	
Zophia

	
KG Apavár

	
KG Puszta

	
Andoria

	
Jakubus






	
N1: N90P45K50

	
795.0 a

	
916.3 b

	
762.5 c

	
850.2 d

	
737.7 c

	
984.0 b




	
N2: N150P45K50

	
763.6 a

	
1020.7 b

	
797.3 a

	
1020.1 b

	
844.0 c

	
1049.9 b








Different letters mean significant difference at p = 0.05 level.
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