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1. Introduction 

Global population increase raises food insecurity concerns (Du et al., 2024) with over 

1billion people lacking adequate dietary energy and suffering from micronutrient 

deficiencies (Barrett, 2010). This calls for an increase in production and biofortification of 

major food crops including maize (Zea mays L.)  (Tejada et al., 2016). Meeting the rising 

food demand necessitates circa 40% maize yield improvement in the next four decades (Sui 

et al., 2018), though, this is affected by declining soil fertility (Wu et al., 2019)  and climate 

change (Xiang et al., 2024).  Because climate change has precipitated water shortage (Li et 

al., 2017), utilizing water efficient irrigation methods is inevitable since water allocation 

for irrigation is affected by other economic sectors (Zhang et al., 2021). Besides affecting 

the sustainability of water resources and the functionality of irrigation systems in relation 

to crop production (Pool et al., 2021), climate change has both direct and indirect effects 

on soil fertility (Biswa, 2022) hence fertilizer application commonly used as amelioration 

technique (Tian et al., 2024). In crop production, maize and wheat account for circa 30% 

of the global chemical nitrogen fertilizer consumption (Ladha et al., 2016).  The excessive 

use of chemical fertilizers in an attempt to sustain soil fertility and crop production causes 

water pollution due to leaching and deposition of nutrients into water bodies (Li et al., 

2016); necessitating improvement in water application, and nutrient supply techniques (Sun 

et al., 2023). Besides, Ram et al. (2017) noted that the efficacy of nutrients applied to the 

soil is lower for both micro and macro nutrients with 5% for micronutrients, and 50%, 40% 

and <15% for nitrogen, potassium, and phosphorus, respectively due to limited synchrony 

between nutrient release by fertilizers versus crop demand at critical growth stages. In this 

case, foliar nutrient supply considered as supplementary approach (Patil et al., 2018) 

becomes handy.  

Specifically, the water and nutrient requirement of maize depends on the growth stage (Illés 

et al., 2022); hence, supply of moisture and nutrients at critical stages is of paramount 

importance. Therefore, the use of precision technologies that can detect water and nutrient 

deficiencies becomes handy. Currently, in Hungary, diverse biostimulant formulations, and 

chemicals fertilizers have been developed with limited robust field efficacy tests, which 

are necessary for farmer recommendation and/or re-constitution if field efficacy is null. 

Besides, conventional agronomic traits and yield assessments, this study included 

chlorophyll fluorescence and photochemical measurements, which are useful indicators of 

physiological water stress during the active vegetative and reproductive stages of maize 

https://www.sciencedirect.com/science/article/pii/S0048969723058485?via%3Dihub#bb0065
https://www.sciencedirect.com/science/article/pii/S0048969723058485?via%3Dihub#bb0065
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plant growth. Besides, photochemical efficiency of PSII is recommended for studies 

involving drought stress (Faraloni et al., 2011) and nutrition stress (Simkó et al., 2020). 

With this in mind, this study hypothesized that utilizing precision drip irrigation and 

biostimulant, and micronutrients foliar application does not affect the phenological, 

chlorophyll fluorescence and photochemical parameters, and grain yield and quality of 

maize. To test this hypothesis, this study was conducted with following objectives:  

a) Assess the effect of precision drip irrigation and biostimulant, and micronutrients 

foliar application on growth characteristics of maize. 

b) Determine the response of chlorophyll fluorescence and photochemical yield of 

maize to precision drip irrigation and biostimulant, and micronutrients foliar 

application. 

c) Evaluate the response of yield and yield components of maize to precision drip 

irrigation and biostimulant, and micronutrients foliar application. 

d) Evaluate the effect of precision drip irrigation and biostimulant, and micronutrients 

foliar application  on grain quality maize.  
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2. Materials and methods 

2.1. Experimental site 

The experiments were conducted at the University of Debrecen, Institutes of Agricultural 

Researches and Educational Farm Bemutatókert experimental area (47°83, 030”N, 21°82, 

060”E, 111 m asl). The preliminary experiment was conducted in 2021 while other 

confirmation experiments were conducted in 2022 and 2023 growing seasons. In 2021 

season, the highest temperature (24.3 oC) was recorded in July and lowest 

(8.9  oC) in April.  Accordingly, 2022 season had lowest temperature of 8.8 oC in 

April and the highest temperatures in the months of July (23.6 oC) and August 23.8 oC). 

A similar trend was followed in the 2023 growing season.  In terms of precipitation, 

generally, the growing season 2022 recorded the lowest precipitation of 22.4 mm and 17.0 

mm in the months of July and August compared to 68.6 mm and 38.2 mm in the 2021 

growing season, and 45.8 mm and 85.9 mm 2023 growing season, respectivelyAnalysis of 

soil and subsequent interpretation was done according to the Hungarian New Fertilization 

Guidelines (Antal et al., 1987). The soil type in the experimental site was leached 

chernozem with pH of 7.6. The concentration of plant nutrients in the soil was:  nitrogen 

(5.3%), phosphorus (320.9 mg/kg), potassium (256.2 mg kg–1), magnesium (451.6 mg kg–

1), sulphur (8.8 mg kg–1), sodium (55.7 mg kg–1), copper (2.0 mg kg–1), manganese (60.1 

mg kg–1), and zinc (2.7 mg kg–1).  

2.2 Experimental design and treatments 

The experiments were laid in a randomized complete block design (RCBD) with two water 

management options i.e non-irrigated conditions (NI) and precision drip irrigation (IR) 

except in the 2021 preliminary study that only had precision drip irrigation. Precision drip 

irrigation system was installed on 14th  June 2021, 27th May 2022 and 12th June 2023 prior 

to onset of drought and removed when maize plants attained physiological maturity. Each 

row of maize had one drip irrigation line/strip. Soil moisture content was measured using 

a Campbell wet sensor at different depths (-0.1m and -0.3m). Total amount of irrigation 

water applied during the experimental period was 283.8mm in the 2021 preliminary study, 

and   413.6mm and 358.0 mm in 2022 and 2023 growing seasons, respectively. The drip 

irrigation system was precision-managed by remote control via a mobile phone application 

(Hydrawise application (Hunter)), where the amount of water applied and intensity was 

continuously monitored. Biostimulant complex and chemical fertilizer treatments were 
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designated as T1 (biostimulant from plant origin), T2 (zinc based foliar fertilizer) T3 

(Molybdenum and boron based foliar fertilizer) and T4 (negative control).  In terms of 

composition, T1 had organic matter (60 m/m%),  amino acids; asparagine, arginine, 

glutamine, alanine, leucine, histidine, glycine, proline, methionine, isoleucine, 

phenylalanine, lysine, and cystine  (21.67 m/m%), Saccharides; fructose, glucose, 

raffinose, sucrose, trehalose and cellulose (6.2 m/m%), fulvic acid (23.1 m/m%), nitrogen 

(8 m/m%), phosphorus (0.5 m/m%), potassium (0.2 m/m%), T2 had zinc, water soluble 

(10.2%), T3 had P2O5 (16.8%),  K2O (11%),  boron (8.35%), and molybdenum (11%) and 

T4 (control). The treatments were applied once according to the manufacturer’s 

recommended rates: (T1 (4 l ha–1), T2 (1.5 l ha–1) and T3(1.4 kg ha–1).  A motorized pump 

was used to apply the treatments at V8 growth stage when leaves of maize plants attained 

large leaf surface area necessary for absorption of nutrients. 

 

2.3 Data collection and statistical analyses 

The agronomic characteristics measured were plant height, stem diameter, The Soil Plant 

Analysis Development (SPAD), Normalised Difference Vegetation Index (NDVI), and 

Leaf Area Index (LAI). The measurements were taken at 12 leaf stage (V12), tasseling 

stage (VT) and kernel blister stage (R2) on ten randomly selected maize plants. Plant height 

was measured using a meter rule calibrated in centimetres (cm) while stem diameter was 

determined using a digital Vanier calliper calibrated in millimetres (mm). Chlorophyll 

assessments as SPAD and NDVI were determined using the Greenseeker and chlorophyll 

meter, respectively on the third last expanded leaf at vegetative stage and a leaf opposite 

the ear at reproductive stage.  LAI was measured using a Sunscan. In each plot, ten 

measurements were taken and average calculated. 

 

Chlorophyll fluorescence and photochemical parameters including steady-state 

fluorescence (F'), maximal fluorescence (FM'), quantum photosynthetic yield (efficiency) 

of PSII (ΦPSII or YII) and electron transport rate (ETR) measurements were taken are V2, 

VT and R2 growth stages using Pulse Modulated Chlorophyll Fluorometer on four 

randomly maize plants selected in each treatment per replication (Yin et al., 2011). 

Measurements were done on fully expanded new leaves of each randomly selected maize 

plants at vegetative stage and leaves opposite the ear at the reproductive stage (Simkó et 

al., 2020). Before measurement, the leaves were dark adapted for 30minutes (Hu et al., 
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2023) and after, measurements taken for F', FM', ΦPSII and ETR. F' was the steady-state 

fluorescence signal under actinic light prior to saturation pulse, FM' was maximal 

fluorescence under actinic light at steady state photosynthesis when all the reaction centers 

are closed. The difference in fluorescence between FM' and F' (FM'- F') was the Fq' (Baker, 

2008; Janka et al., 2015). The ΦPSII was the quantum photosynthetic yield (efficiency) of 

PSII calculated as (FM'- F')/FM' (Baker, 2008; Janka et al., 2015). The ETR was an estimate 

of the number of electrons transported through photosystem II under steady-state 

photosynthetic conditions, calculated using the formula indicated in the manufacturer’s 

protocol as well as in published literature (Flexas et al. 2002; Hu et al., 2023) as: 

ETR = Quantum photosynthetic yield × 0.84 × 0.5 × PAR 

Where 0.84 is average leaf absorptance value of PSII, and 0.5 means two photons used to 

excite one electron (Flexas et al. 2002), and PAR is photosynthetically active radiation.  

 

Yield and yield component data collected included cob length (cm), cob weight (g), cob 

diameter (mm), number of seeds/cob, weight of seeds per cob (total seed weight), 1000 

seed weight and yield per hectare. Ten cobs per treatment in each replication were 

randomly collected and processed using HALDRUP LT-35 laboratory thresher 

(HALDRUP GmbH, Ilshofen, Germany). Cob length was measured using a ruler calibrated 

in cm. Cob diameter (mm) as determined using a digital Vanier calliper. Cob weight was 

determined using an electronic weighing balance. Seeds/cob, weight of seeds per cob (total 

seed weight), and 1000 seed weight were determined using VSC-201 Vibrating Seed 

Counter (PLC Tuning Ltd - Hungary) and grain yield (t ha-1) calculated at moisture content 

of 14.5%.  

The quality of grain in terms of protein content, oil content, starch content and moisture 

content were determined using Perten DA7250 NIR infrared grain analyser. The Perten 

DA7250 NIR infrared grain analyzer has the capacity to obtain 30 spectra at 5nm interval. 

The samples were analysed in the range of 570-1100nm (Szabó et al., 2022).   

 

The data was analysed using two-way ANOVA  and Biostimulant and micronutrients 

means were separated using Tukey test at 5% probability level. The water regimes was 

compared using the t-test. The relationship between growth traits, chlorophyll fluorescence 

parameters, photochemical efficiency/yield, and yield and yield components was 

established using Pearson correlation. These analyses were done using OriginPro Graphing 

and Analysis Software (version 2024) and R software (version 4.3.2).    
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3. Results 

Precision drip irrigation exhibited optimal effects on growth parameters. Plant height was 

optimized by an average of 165% and 5.7% in the two seasons. Stem diameter was only 

optimized by 9.4% at R2 growth stage in 2022, and by average of 7.4% in the 2023 growing 

season. The LAI was only improved at the VT and R2 growth stages by 134.2% and 121.0 

% in 2022 season. Therefore, optimal precision effects of drip irrigation on plant height 

and LAI were high with increased drought stress.  

For the nitrogen content of the plant as evidenced by the SPAD values, precision drip 

irrigation reduced SPAD by -7.7% at the V12 growth stage and increased it by 43.1% at 

the R2 stage in 2022 season that was characterized by severe water stress and high 

temperature. In 2023 season with limited water stress and average temperature, precision 

drip irrigation optimized SPAD by 3.2% and 2.9% at the V12 and R2 growth stages, 

respectively. The comparative biostimulant and micronutrient effect also revealed a 

significant reduction in the SPAD values in T1, T2 and T3 treatments by -5.9%, -8.0%, and 

-8.1% under precision drip irrigation at the V12 growth stage. However, at the R2 growth 

stage, all the three treatments improved SPAD by 39.9%, 48.9%, and 41.8%. In 2023 

growing season, the significant improvements were only evident at the V12 stage where 

T1 and T2 optimized SPAD by 4.3% and 4.2%. Overall,  these results indicates that 

overlapping effect of excess moisture shortly after application reduces SPAD values since 

all the reductions occurred at V12 growth stage that preceded the stage of irrigation 

installation.    

 

Precision drip irrigation optimised chlorophyll fluorescence parameters and quantum 

photochemical yield. The values of FM', Fq', ΦPSII, and ETR under precision drip irrigation 

at the V12 were lower compared to the non-irrigated conditions in 2022 growing season. 

However, a remarkable optimization effect at the VT stage was recorded by precision drip 

irrigation with 23.4%, 33.5%, 10.4%, and 10.4% improvement of FM', Fq', ΦPSII, and 

ETR, respectively. Later, conspicuous significant improvement of ΦPSII and ETR by 6.7% 

and 6.9%, respectively by precision drip irrigation was recorded at the R2 stage. In 2023 

growing season, the significant effects were evident at the VT and R2 growth stages. As 

such, the improvement by 11.5%, 15.2%, 2.9% and 3.8%, of FM', Fq', ΦPSII and ETR were 

observed at the VT growth stage, and similar trend of effects were recorded at the R2 

growth stage. In terms of overall progression of F, FM', Fq', ΦPSII, and ETR across the 
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three stages,   FM', Fq', ΦPSII, and ETR exhibited gradually increasing response while F 

showed notable reduction at the VT stage and increased by R2 growth stage  (Figure 1).  

 

 

 

 
Figure 1 Chlorophyll fluorescence parameters and photochemical yield dynamics under 

precision irrigation (IR) and non-irrigated (NI) conditions at different maize growth stages in 

2022 and 2023 growing seasons. a) F' (steady-state fluorescence signal under actinic light prior 

to saturation pulse), b) FM' (maximal fluorescence under actinic light at steady state 

photosynthesis when all the reaction centers are closed), c) Fq' (fluorescence difference 

between FM' and F'), d) ΦPSII (quantum photosynthetic yield (efficiency) of photosystem II, e) 

ETR (electron transport rate). Vertical bars indicate the standard error. 

 

For ΦPSII and ETR, the biostimulant, and micronutrients individual effects in each water 

management regime were not significantly different, albeit existence of significant 

interactive differences between water management × foliar biostimulant and micronutrients 
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application at VT as well as R2 growth stages, respectively (Figure 2 and 3). In the season 

2022 at the VT growth stage under drip precision irrigation, T1 had significantly higher 

ΦPSII as compared to T2 and T3 under non-irrigated conditions. Also, T3 improved ΦPSII 

under precision irrigation when compared with the value recorded under non-irrigated 

conditions. Correspondingly, at R2 growth stage, higher values of ΦPSII were recorded in 

all treatments T1, T2 and T3 as compared to the values under non-irrigated conditions.. 

The same trend was observed in season 2023. The direction of response of ETR was similar 

to ΦPSII, where interactive effects showed significantly higher ETR in T1, T1 and T3 

treatments under precision drip irrigation as compared to non-irrigated conditions. Most 

importantly, T1 maintained a higher photochemical parameters at the VT and R2 growth 

stages in both seasons.  

 
 Figure 2 Quantum photosynthetic yield (efficiency) of photosystem II (ΦPSII), under 

biostimulant and micronutrient treatments for precision drip irrigation (IR) and non-irrigated 

(NI) conditions at different stages of maize growth. a) V12 (season 2022), b) VT (season 2022) 

c )  R2 (season 2022), d) V12 (season 2023), e) VT (season 2023), f) R2 (season 2023). T1 – 

biostimulant, T2 and T3 – chemical fertilizers containing different micronutrients, T4 – 

control. Significance levels: ns (not significant), *( p<0.05), **( p<0.01), *** (p<0.001). 

Uncompared treatments did not differ significantly. (Debrecen, 2022-2023). 

 

Precision drip irrigation produced an average yield improvement of 5.8 t ha-1 yield 

improvement in the two seasons (Figure 4). Overall, the cob diameter, cob length, weight 

of seeds per cob, cob weight, 1000 seed weight, and seed number per cob, and grain yield 

were  significantly optimized by precision drip irrigation in both growing seasons. 
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The interaction between water management regimes × biostimulant and micronutrients on 

weight of 1000 seeds was significant only in 2023 growing season. As such, T2 had the 

higher performance under precision drip irrigation with 1000 seed weight of 569.9g. 

 

  
Figure 3 Electron transport rate (ETR) under biostimulant and micronutrient treatments for 

precision drip irrigation (IR) and non-irrigated (NI) conditions at different stages of maize 

growth. a) V12 (season 2022), b) VT (season 2022) c )  R2 (season 2022),, d) V12 (season 

2023), e) VT (season 2023), f) R2 (season 2023). T1 – biostimulant, T2 and T3 – chemical 

fertilizers containing different micronutrients, T4 – control. Significance levels: ns (not 

significant), *( p<0.05), **( p<0.01), *** (p<0.001). Uncompared treatments did not differ 

significantly. (Debrecen, 2022-2023). 

 

The biostimulant as well as micronutrients application significantly improved yield in 

2023 season, irrespective of the water management regime. Thus, the recorded yield for 

2023 season was 18.7 t ha–1 in both T1 and T2, and 18.6 t ha–1 in T3 as compared to 17.5 

t ha–1 in the control. In other words, T1 and T2 produced yield improvement of 1.2 t ha–1 

(6.9%) and T3 had 1.1 t ha–1 (6.3%). Putting this in general context, it appears that 

compared to the control, each of the treatments T1, T2 and T3 produced an overall yield 

improvement of 1.0 t ha–1. Meanwhile for growing season 2022, the biostimulant and 

micronutrients application had yield between 8.4 – 8.6 t ha–1 compared to 7.1 t ha–1 in the 

control. As such, though the positive effect was also evident in growing season 2022, 

biostimulant as well as micronutrients application effects were suboptimal. Analysing the 

biostimulant and the micronutrients effects in the two water management regimes shows 

higher yield under precision drip irrigation. Specifically, T1 had highest yield of 14.2 and 

20.8 t ha–1 under precision drip irrigation as compared to 2.5 and 17.4 t ha–1 under non-

irrigated conditions in growing season 2022 and 2023, respectively (Figure 5). 



10 

 

 
 

Figure 4 Variation in grain yield as affected by water management in 2022 and 2023 

seasons. IR- precision drip irrigation, and NI -non-irrigated conditions. 

 

 

 
Figure 5 Biostimulant and micronutrients affect maize grain yield under precision drip 

irrigation and non-irrigated conditions (Ocwa et al., 2024). 

 

 
In terms of nexus, the results indicated a positive correlation between FM', Fq', ΦPSII and 

ETR and a negative correlation between F' and ΦPSII, ETR and yield (Figure 6). 

Contrary, F’ had a significant positive correlation with FM’. Additionally, FM’ had no 

correlation with grain yield.  To put this in context, the yield, ΦPSII and ETR positive 

correlation is an evidence of ΦPSII and ETR being useful indicators of micronutrients 

and biostimulants application as well as drip irrigation effect on maize yield and overall 

productivity. However, variation in the photochemical parameters across maize growth 

stages suggests that these parameters can be used to detect and mitigate the negative 
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effects of water stress on maize yield and yield components in the early stages. If correctly 

implemented, this enhances the sustainability of agronomic interventions, as early 

corrective measures facilitate achievement of planned crop yield.   

 
Figure 6 Correlation between quantum efficiency of photosystem II, chlorophyll 

fluorescence, and maize yield (Ocwa et al., 2024). 

 

Precision drip irrigation had suboptimal effects on grain quality, although there was a 

conspicuous reduction in grain protein content by -2.1% and -0.5% in 2022 and 2023 

seasons, respectively as well as 0.4% reduction in oil content in 2022 season. Also, 

precision drip irrigation improved starch by 2.3% in 2022 season. On the other hand, the 

biostimulant (T1) and micronutrients treatments (T2 and T3) effect on oil, starch and 

protein content of grain were all suboptimal. 

 

 

 

 

 

 

 

 



12 

 

4. New scientific results 

1. Precision drip irrigation at the VT and R2 growth stages has the capacity to 

enhance plant height, and LAI by an average of 85.3%, and 127.6%, respectively. 

However, the optimisation efficacy increases with increase in the severity of water 

stress and elevated temperatures that seasonally differ. 

2. Grain quality attributes including oil, starch, and protein content are only 

significantly affected by precision drip irrigation in seasons where drought and 

temperature stress are high, for this study in 2022 season where there was 0.3% 

and 2.3% improvement in oil and starch content, and -2.1% reduction in protein 

content by precision drip irrigation. 

3. The response of quantum photosynthetic yield and electron transport rate to 

nutrients supplied by the biostimulant and chemical fertilizers improves with 

precision supply of moisture at sensitive stages of maize depending on the overall 

climate conditions of the given season. T1 had significantly higher (0.9 or 90%) 

ΦPSII as compared to T2 and T3 under non-irrigated conditions at the VT growth 

stage. Since quantum photosynthetic yield was positively correlated with grain 

yield, it can be used as a good indicator of the efficacy of biostimulants and 

micronutrients on vegetative and yield productivity and as a guide to make 

necessary nutrient supply corrections during active phenophases of maize. 

4. The biostimulant (T1) as well as micronutrients (T2 and T3) application 

significantly improved yield irrespective of the water management regime with 

each treatment producing a n  overall yield improvement of close to 1.0 t 

ha–1. Comparatively, T1 had yield of 14.2 and 20.8 t ha–1 under precision drip 

irrigation as compared to 2.5 and 17.4 t ha–1 under non-irrigated conditions in the 

growing seasons 2022 and 2023, respectively. In this, the fact that all the three 

treatments under water regimes had positive impact on yield suggest the need to 

have integrated application to achieve their optimum effect. Additionally, the 

biostimulants (T1) and micronutrients (T2 and T3) produced suboptimal effects on 

grain quality attributes under both precision drip irrigation and non-irrigated 

conditions. 
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5. Practical application of results 

1. Utilization of precision drip irrigation based on season specific climate conditions. 

This study demonstrates a clear difference in the amount of irrigation water 

supplied to maize during the two seasons since water supply was remotely 

controlled via a mobile phone application (Hydrawise application (Hunter)). The 

growing season 2022 used additional 55.6 mm of water compared to 2023 since it 

had higher drought intensity. In this regard, season specific precision drip 

irrigation ensures judicious utilization of water since no irrigation is started when 

the probability of rain reaches 80%. This saves water as compared to irrigation 

methods that supply moisture in a generic routine. 

2. Guide to careful moisture supply just after irrigation installation, since in this 

study, even with 15 days gap in the installation of irrigation systems in the two 

seasons, chlorophyll content still reduced at V12 leaf stage that preceded irrigation 

and nutrients supply. 

3. Early detection of efficacy of exogenously supplied nutrients on the productivity 

of maize. The suboptimal sole efficacy of the biostimulant and micronutrients on 

quantum photosynthetic yield and electron transport rate aligned with the results 

of final grain yield. In this case, if a deficiency of a nutrient is detected at the growth 

stage, then correction through extra supply can be implemented to reduce the 

anticipated negative effect on the final grain yield. 

4. Identified grey areas of research for the tested biostimulant and micronutrients in 

Hungary. The fact that the soil was deficient in nitrogen based on soil tests means 

that there is need to develop appropriate nitrogen supply mainly through soil 

application based on the nitrate directive by the EU, and in case additional nutrient 

supply is needed, then foliar fertilisation could be used in appropriate doses. 

However, rigorous investigations are required to ascertain appropriate soil 

chemical nitrogen supply that can be combined with foliar biostimulant 

application to obtain optimum maize productivity while protecting the 

environment. In addition, this study guides that foliar zinc application in zinc rich 

soil is counterproductive. 
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