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Abstract 
Asymmetric drought propagation and depletion of soil nutrients threaten cereal crop productivity worldwide, calling for 
the application of validated agronomic practices to curtail their effect on crop production. This study evaluated the effect 
of precision drip irrigation, biostimulant, and micronutrients application on photochemical efficiency and yield of maize.
An experiment laid in a randomized complete block design with irrigation and water stress was established in 2022 and 
2023 growing seasons at the experimental area of the University of Debrecen. Other treatments included T1 (non-microbial 
biostimulant from plant origin), T2 (zinc based chemical fertilizer), T3 (boron and molybdenum based chemical fertilizer), 
and T4 (control). Data was collected on steady-state fluorescence (F’), maximal fluorescence (Fm’), quantum photosynthetic 
yield or efficiency of photosystem II (ΦPSII or Y(II)), electron transport rate (ETR), and grain yield and yield components. 
Precision drip irrigation significantly optimized ΦPSII, ETR, cob weight, number of seeds per cob, weight of 1000 seeds and 
grain yield. The biostimulant and micronutrients optimized Fm’, ΦPSII, and ETR at VT and R2 growth stages. Regardless 
of the water management regime, T1, T2 and T3 seasonally optimized grain yield. Between water management regimes, 
biostimulant had the highest yield optimization effect under precision drip irrigation in the season with elevated water 
stress.Optimum photochemical efficiency and grain yield is achievable through precision drip irrigation, biostimulant, and 
micronutrient application. However, further research involving 2–3 application times at critical stages of maize under preci-
sion drip irrigation and/or combined application of these treatments at season specific precision drip irrigation is required.
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1  Introduction

Maize (Zea mays L) is among the most important cereal 
crops, after rice (Oryza sativa L) and wheat (Triticum aes-
tivum L) worldwide due to its economic and nutritional 

benefits (Prasanna et al. 2021; Ssemugenze et al. 2024). 
However, abiotic stresses such as water stress (extreme 
drought) and heat stress (Simkó et al. 2020) negatively 
impact its production and productivity. Moreover, these cli-
mate extremes are expected to increase globally (Zampieri 
et al. 2019; Simkó et al. 2020). A simulation by Zampieri 
et al. (2019) revealed that temperature rise by 2 °C in the 
late 2030s will affect maize production in both minor and 
major production areas like never experienced before. There 
exists a negative nexus between morphological, physiologi-
cal, and biochemical changes in maize with drought and/
or heat stress (Trivedi et al. 2018; Rehaman et al. 2023). 
In particular, drought stress significantly affects the nutri-
tional status of maize (Ge et al. 2010; Klofac et al. 2023); 
hence, balanced supply of adequate mineral nutrients is piv-
otal (Kovács et al. 2009; Waraich et al. 2011; Klofac et al. 
2023). Research has shown that although maize as a C4 plant 
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efficiently utilizes moisture under limited supply, its pro-
ductivity is still reduced by drought, depending on the crop 
stage it onsets (Killi et al. 2017; Hussain et al. 2020). Kumar 
et al. (2024) noted that supply of moisture at stress-sensitive 
growth stage of crops enhances productivity. This calls for 
the application of precision water delivery technologies 
(Chen et al. 2023). Conversely, different fertilizer formula-
tions are produced and applied in crop production to allevi-
ate nutrient stress and increase productivity (Bojtor et al. 
2021; Ocwa et al. 2023), though often micronutrients are 
neglected. For example, zinc is a major essential micronu-
trient, which in low supply limits crop growth (Ghani et al. 
2022), and yield (Ma et al. 2017).

Supplementation of maize with nutrients such as zinc 
improves yield (Zhang et al. 2020), and zinc deficiency 
causes over 40% crop yield reduction (Noulas et al. 2018; 
Idrees et al. 2024). Besides, zinc plays a fundamental role in 
crop resistance against drought stress by regulating various 
physiological processes (Klofac et al. 2023). Though abun-
dant in most soils, its uptake by plants is limited by several 
physicochemical soil conditions (Alloway, 2009) making it 
the most deficient element especially in certain soil types 
(Sadeghzadeh, 2013). On the other hand, despite the fact 
that boron requirement by maize is relatively low, it is one 
of the yield limiting factors in some geographic regions 
(Hayat et al. 2023). Conversely, besides chemical fertilizers, 
biostimulants are used to boost crop productivity (Abbott 
et al. 2018; Sible et al. 2021; Ocwa et al. 2024). Despite the 
use of these inputs, earlier, it was underscored that photo-
synthesis interference by drought and/or heat (Bresson et al. 
2015; Dogru, 2021; Nematpour and Eshghizadeh, 2023), and 
nutrient stress (Rácz et al. 2021; Ocwa et al. 2024) decreases 
yield (Bresson et al. 2015). This necessitates undertaking 
critical assessments during the crop growth cycle to unravel 
the effects of applied agronomic interventions.

Chlorophyll fluorescence measurements are pivotal in mon-
itoring the response of plants to stress (Sinsawat et al. 2004; 
Dogru, 2021) and amelioration capacity of agronomic interven-
tions such as fertilization and irrigation. Among the vital param-
eters include minimal fluorescence (Fo), maximum fluorescence 
(Fm), variable fluorescence (Fv), and photochemical efficiency 
of photosystem II. According to Chen et al. (2019), chlorophyll 
florescence, photochemical reactions and other pathways utilize 
light energy in the photosystem II (PSII). As such, fluorescence 
yield indicates the fraction of absorbed light energy re-emitted 
as fluorescence while the photochemical yield of PSII is an 
indication of photochemical light use efficiency since it’s the 
fraction of absorbed photons used for photochemical reactions 
(Chen et al. 2019). According to Janušauskaite and Feiziene 
(2011), the efficiency of cereal crop photosystems depends on 
weather conditions. Rehaman et al. (2023) revealed that maxi-
mum quantum efficiency of PSII, ETR and intrinsic PSII activ-
ity significantly reduced due to drought stress by 11.3, 14.5, 

and 10.8%, respectively. Likewise, a report by Cendrero-Mateo 
et al. (2016) revealed a significant decrease in photochemical 
yield and steady-state fluorescence due to drought. Similarly, 
Arikan et al. (2022) reported a decrease in Fv/Fo (activity of the 
water-splitting complex on the donor site of the PSII and Fv/Fm 
by 48.6 and 14.1%, respectively under water stress compared to 
the control. Killi et al. (2020) noted that maize varieties tolerant 
to drought retained PSII function at the temperatures of 25 and 
35°C treatments at limited water supply. Besides drought stress, 
fluorescence parameters can vary depending on plant nutrition 
(Tubuxin et al. 2015; Chen et al. 2016). In fact, nutrients sup-
plied exogenously by biostimulants and/or chemical fertilizers 
affect chlorophyll fluorescence parameters differently, depend-
ing on several factors. Li et al. (2012) noted that the electron 
donor and acceptor performance in the reaction center of PSII 
was significantly increased by nitrogen application. Toth et al. 
(2022) indicated that the application of zinc and amino acids 
had no significant effect on Fo, reduced Fm while zinc alone 
reduced Fo. Some reports revealed higher Fm, Fv and Fv/Fm 
value in zinc application except Fo that was not  affected (Wang 
and Jin, 2005; Guo and Tan  2015). Besides, Klofac et al. (2023) 
reported that quantum yield significantly increased after foliar 
application of zinc oxide micro (ZnO). Moreover, there exist a 
nexus between photochemical parameters and grain yield. Ear-
lier, a comprehensive review by Guo and Tan (2015) revealed 
that although chlorophyll fluorescence has successfully been 
applied in plant research, inconsistencies in some results are 
still reported. Among the causes, include the type of equipment, 
light conditions and other abiotic stresses. Specifically, plant 
leaves exposed to high actinic light levels for several hours resist 
closure of PSII reaction centers even though high saturation 
light pulse is applied, hence affecting reliability of ΦPSII and 
ETR measurements (Loriaux et al. 2013). It is proposed that the 
solution is to apply the method called Fm’ correction that uses 
multiple phased saturation flash available in Opti-Sciences such 
as Y(II) meter, OS1p, OS5p and OS5p+ (Loriaux et al. 2013); 
hence this study utilized OS5p + equipment. With this in mind, 
currently in Hungary, agro-technical innovations have been 
developed to ameliorate drought, heat and nutrient stresses in 
attempt to optimize maize production amidst unprecedented cli-
mate change. Hence, this study evaluated the effect of precision 
drip irrigation, biostimulant and chemical fertilizers containing 
micronutrients on chlorophyll fluorescence, photochemical effi-
ciency and grain yield of maize.

2 � Materials and Methods

2.1 � Experimental Site

The experiments were carried out at the University of 
Debrecen, Böszörményi street experimental area (47°83, 
030”N, 21°82, 060”E, 111 m asl). The season 2022 had 
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elevated temperature and low precipitation between 
May to August, which were the active months of maize 
growth. In fact, the temperature was elevated by close to 
1oC in May, July, and August and, 2.4oC in June while 
precipitation reduced by close to -1 mm in May and July, 
and − 2 mm in June and August in 2022 compared to 
2023 season. Generally, the precipitation in each of the 
months May to August was < 0.8 mm in 2022 season 

and > 1 mm in 2023 season (Fig. 1). The soil analysis 
and nutrient adequacy and/or deficiency interpretation 
was based on the Hungarian New Fertilization Guidelines 
(Antal et al. 1987). The soil type was leached chernozem. 
The soil in the experimental site had 5.3 mg kg–1 avail-
able nitrogen, 320.9 mg kg–1 available phosphorus and 
256.2 mg kg–1 available potassium. The concentration 

Fig. 1   Temperature (a) and the 
amount of precipitation received 
(b) during experimental period
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of other essential elements and the pH of the soil are 
presented in Table 1.

2.2 � Experimental Design and Treatments

The experiment was laid in a randomized complete block 
design (RCBD) with four replications. Experimental plots 
measured 10 m2 each (32 plots in total), and water treatment 
had two levels: irrigated (IR) and water stress (WS). Preci-
sion drip irrigation system was installed on 27th May 2022 
and 12th June 2023 prior to onset of drought and removed 
when maize attained physiological maturity. Based on the 
meteorological data, the installation was delayed by 15 days 
in 2023 because of adequate moisture in the soil. All irri-
gated plots were supplied with the same amount of water 
while water stress plots were not irrigated even when maize 
plants were at wilting point during drought (summer). Each 
row of maize had one drip irrigation line/strip. Soil moisture 
content was measured using a Campbell wet sensor at differ-
ent depths (-0.1 m and − 0.3 m). Irrigation was started at the 
minimum value of the maximum field water capacity value. 
The intensity of the irrigation was 3 l/m2/ hour. If the prob-
ability of rain reached 80%, no irrigation was started. Irri-
gation was done between 9pm to 5am to reduce evapotran-
spiration. Total amount of water applied during the whole 
experimental period was 413.6 mm and 358 mm in 2022 and 
2023 growing seasons, respectively. The drip irrigation sys-
tem 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 and chemical fertilizer treatments 
were designated as T1, T2, T3, and T4 (control). Detailed 
composition of the treatments and their application rates as 
recommended by the manufacturer are provided in Table 2. 
Treatments were applied once using a motorized pump at 

V8 stage when maize plants had attained large leaf surface 
area to absorb nutrients.

2.3 � Seedbed Preparation, Sowing, and General 
Agronomic Practices

The seedbed was prepared using a KongsklideVibro Master 
SGC/SQ25 mounted seedbed cultivator (Kongskilde 
Agriculture, Albertslund, Denmark). Prior to planting, 
fertilizer was applied in the soil at the rate of 101.3 kgha−1 
N, 26.3 kgha−1 CaO, 18.8 kgha−1 MgO on 11th April 2022 
(2022 season) and 90.0 kgha−1 N, 23.0 kg ha−1 CaO, and 
16.0 kg ha−1 MgO on 31st March 2023 (2023 season).
The seeds of maize hybrid FAO 420 were sown on 2nd 

Table 1   Chemical properties of chernozem soil at the University of 
Debrecen, Böszörményi street experimental area

Property Value Interpretation reference comment

pH (KCl 1:2.5) 7.6 Slightly alkaline
Arany plasticity index 45.5 Clay loam
CaCO3 (m/m%) 16.3 Adequate
Humus (m/m%) 2.1 Weak (poor category)
Nitrogen (mg kg–1) 5.3 Weak
Phosphorus (mg kg–1) 321 Good
Potassium (mg kg–1) 256 Medium
Magnesium (mg kg–1) 452 Very good
Sulfur (mg kg–1) 8.8 Deficient
Manganese (mg kg–1) 60.1 Adequate
Zinc (mg kg–1) 2.7 Adequate
Copper (mg kg–1) 2.0 Adequate

Table 2   Composition of treatments used in the study

 Treatment and ingredients  Value  Application rate

T1 (Biostimulant)  4 l ha–1

 Organic matter content 
(m/m%)

 60.0

 Amino acid content (m/m%)  21.7
 Asparagine (%)  1.2
 Glutamine (%)  16.2
 Arginine (%) <0.1
 Alanine (%)  2.6
 Leucine (%)  0.1
 Glycine (%)  0.3
 Histidine (%)  0.1
 Proline (%)  1.0
 Methionine (%) <0.1
 Isoleucine (%) <0.1
 Phenylalanine (%) <0.1
 Lysine (%) <0.1
 Cystine (%) <0.1
 Saccharide content (m/m%)  6.2
 Fructose (%)  0.3
 Glucose (%)  0.7
 Raffinose (%)  0.5
 Sucrose (%)  0.3
 Trehalose (%)  3.5
 Cellulose (%)  1.0
 Fulvic acid content (m/m%)  23.1
 Nitrogen (m/m%)  8.0
 Phosphorus (m/m%)  0.5
 Potassium (m/m%)  0.2
 T2 (Zinc, water soluble %)  10.2  1.5 l ha–1

 T3
P2O5(%)  16.8  1.4 kg ha–1

 K2O (%)  11.0
 Boron (%)  8.4
 Molybdenum (%)  11.0
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May 2022 and 28th April 2023 using a Gaspardo MTR4 
pneumatic precision seed drill (Maschio Gaspardo S.p.A., 
Campodarsego, Italy) with a spacing of 76.2 × 18.2 cm at a 
seed rate of one seed per hole, giving total plant population 
of 72,100 per hectare. FAO 420 hybrid was used because 
it is widely cultivated on a large scale in Hungary. In both 
seasons weed management was done as recommended.

2.4 � Chlorophyll Fluorescence Measurements

Data was collected on chlorophyll fluorescence parameters 
such as F’, Fm’, ΦPSII and ETR. Chlorophyll fluorescence 
parameters were measured using Pulse Modulated Chlo-
rophyll Fluorometer (PerkinElmer Inc., Waltham, MA, 
USA) at the V12 (twelve-leaf stage) VT (tasseling stage) 
and R2 (kernel blister stage) growth stages. In each plot, 
four plants were randomly selected (Yin et al. 2011), and 
measurements taken in the new fully expanded leaf of 
each plant at vegetative stage and leaf opposite the ear at 
the reproductive stage, respectively (Simkó et al. 2020). 
For saturation pulse intensity, prior to measurement, the 
selected leaves from each plant were dark adapted for 30 
minutes (Hu et al. 2023). Measurements were taken for: F’ 
which is the steady-state fluorescence signal under actinic 
light prior to saturation pulse, Fm’ which is maximal fluo-
rescence under actinic light at steady state photosynthesis 
when all the reaction centers are closed. The fluorescence 
difference between Fm’ and F’ (Fm’- F’) constituted Fq’ 
(Baker, 2008; Janka et al. 2015). The ΦPSII which is the 
quantum photosynthetic yield (efficiency) of PSII was cal-
culated as (Fm'- F')/Fm' (Baker, 2008; Janka et al. 2015; 
Hazrati et al. 2016). The ETR, which is an estimate of the 
number of electrons transported through photosystem II 
under steady-state photosynthetic conditions, was calcu-
lated using the formula indicated in the manufacturer’s 
protocol as well as in published literature (Flexas et al. 
2002; Hu et al. 2023). The equation used was:

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. All measurements were taken at the temperature 
of 25oC (Yin et al. 2011) between 10 a.m. and 1 p.m.

2.5 � Yield and Yield Components

Harvesting was done after the appearance of the black layer 
in the grains. Ten ears were randomly collected from 10 
plants from each replication and processed using HALDRUP 
LT-35 laboratory thresher (HALDRUP GmbH, Ilshofen, 

(1)
ETR = Quantum photosynthetic yield × 0.84 × 0.5 × PAR

Germany). Cob weight (g) was determined using electronic 
weighing balance. The number of seeds and 1000-seed 
weight (g) were determined using VSC-201 Vibrating Seed 
Counter (PLC Tuning Ltd - Hungary) and grain yield (GY) 
in t ha–1 calculated at moisture content of 14.5%.

2.6 � Statistical Data Analyses

The normality and homogeneity of variance of data was 
tested using Shapiro Wilk and Levene’s tests, respectively. 
Data was analyzed using OriginPro Graphing and Analy-
sis Software (version 2024) and R software (version 4.3.2). 
The two-way ANOVA was implemented and the differences 
between treatment means were compared using Tukey test at 
5% probability level. The performance of the water manage-
ment regimes was compared using the t-test. The Pearson 
correlation was used to assess the nexus between chlorophyll 
fluorescence, photochemical and grain yield. Figures were 
prepared using OriginPro Graphing and Analysis Software 
and R software.

3 � Results

3.1 � Response of Chlorophyll Fluorescence 
and Photochemical Yield of Maize to Water 
Management, and Foliar Biostimulant 
and Micronutrients Application

The chlorophyll fluorescence and photosynthetic efficiency 
significantly (p < 0.05) differed between precision drip irri-
gation and water stress treatments in both seasons. At the 
V12 growth stage in 2022 growing season, significantly 
lower Fm’, Fq’, ΦPSII, and ETR were recorded under pre-
cision drip irrigation compared to water stress. Contrary, 
at VT growth stage, precision drip irrigation optimized 
Fm’, Fq’, ΦPSII, and ETR by 23.4, 33.5, 10.4, and 10.4%, 
respectively. At R2 stage, ΦPSII and ETR were significantly 
improved by precision drip irrigation by 6.7 and 6.9%, 
respectively. In 2023 growing season, precision drip irri-
gation significantly improved chlorophyll fluorescence and 
photochemical yield at VT and R2 growth stages, respec-
tively. At VT growth stage, Fm’, Fq’, ΦPSII and ETR were 
improved by 11.5, 15.2, 2.9 and 3.8%, respectively. At R2 
growth stage, precision drip irrigation significantly improved 
both ΦPSII and ETR by 3.9%. Progressively, F’ reduced at 
the VT stage under precision drip irrigation and water stress 
in both seasons. Meanwhile, as water stress reduced Fm’, 
Fq’, ΦPSII, and ETR during the VT growth stage, preci-
sion drip irrigation optimized these parameters. The pro-
gress of chlorophyll and photochemical parameters is shown 
in Fig. 2.
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Significant changes in chlorophyll f luorescence 
parameters (F’, Fm’ and Fq’ ) in response to biostimulant 
and micronutrients application depended on the growth 
stage. In both seasons, F’ did not significantly (p > 0.05) 
differ including the interactive effects. As such, in both 
seasons, the F’ value of the treatments ranged from 

335–435 and 320–410, respectively, under both precision 
drip irrigation and water stress in all the stages. Conversely, 
biostimulant and micronutrients application significantly 
(p < 0.05) affected Fm’ at the R2 growth stage under water 
stress in 2022 season, and at VT and R2 under both water 
management regimes in 2023 season. At the R2 growth 

Fig. 2   Dynamics of chlorophyll fluorescence and photochemical yield 
under precision irrigation and water stress at different maize growth 
stages in 2022 and 2023 growing seasons. a) F’ (steady-state  fluo-
rescence 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
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stage in 2022 season under precision drip irrigation, all 
the treatments had Fm’ values ranging from 1659–1733 
while under water stress, only T1 and T2 had significantly 
higher values of 1870, 1833 compared to 1795 and 1773 in 
T3 and the control, respectively. In 2023 season at the VT 
growth stage, the Fm’ was 1887, 1730 and 1831 in T1, T2 
and T3, respectively compared to 1636 in the control under 
precision drip irrigation while under the water stress, only 
T1 had significantly higher Fm’ value of 1670 compared to 
1512, 1569 and 1603 in T2, T3 and the control, respectively. 
The same trend was followed in R2 growth stage. In terms 
of the Fq’, only T1 had a significant (p < 0.05) effect at 
R2 growth stage in 2022 season. The Fq’ was 1413 in T1 
compared to 1397, 1343 and 1355 in T2, T3 and the control, 
respectively under water stress while under precision drip 
irrigation, all treatments had similar performance. In the 
2023 season, T1 had significantly better performance at VT 
and R2 stages. At the VT growth stage, the Fq’ was 1544, 
1403, and 1491 in T1, T2, and T3 compared to 1313 in the 
control, respectively, under precision drip irrigation while 
under water stress, Fq’ was 1327, 1177 and 1230 in T1, 
T2 and T3 compared to 1257 in the control, respectively. 
Similarly, at the R2 growth stage, T1 still had higher Fq’ of 
1721 compared to 1539, 1681 and 1665 in T2, T3 and the 
control under precision drip irrigation while under water 

stress, T1 maintained higher Fq’ of 1530 compared to 1269, 
1581 and 1434 in T2, T3 and the control.

Although the individual effects of the biostimulant and 
micronutrients within each water regime were not significant, 
the interactive effects between biostimulant and micronutrients 
× water management on ΦPSII and ETR were significant at VT 
and R2 growth stages in both seasons. At the VT growth stage in 
2022 season, T1 under drip precision irrigation had significantly 
higher (0.88) ΦPSII as compared to 0.75 and 0.72 in T2 and T3 
under water stress, respectively. Similarly, T3 under precision 
irrigation had higher (0.85) ΦPSII compared to 0.72 in T3 
under water stress. At the R2 growth stage, all the treatments 
still had higher ΦPSII under precision irrigation compared to 
their performance under water stress. Equally, in 2023 season, 
T1, T2 and T3 had higher ΦPSII under precision drip irrigation 
compared to their efficacy under water stress. However, more 
peculiar was that T2 under water stress had higher reduction of 
ΦPSII compared to all other treatments under precision drip 
irrigation both at the VT and R2 growth stages (Fig. 3). On the 
other hand, like the ΦPSII, the significant interactive effects 
revealed higher ETR of treatments T1, T1 and T3 under precision 
drip irrigation compared to water stress. In fact, at the VT and R2 
growth stages in both seasons, only T1 maintained a higher ETR. 
It is also worthwhile to note that in both seasons, no significant 
effects on ETR were recorded at the V12 growth stage (Fig. 4).

T1-IR T2-IR T3-IR T4-IR T1-WS T2-WS T3-WS T4-WS

0.70

0.72

0.74

0.76

0.78

0.80

P
S
II

2022a)

T1-IR T2-IR T3-IR T4-IR T1-WS T2-WS T3-WS T4-WS

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

P
S
II

2022

*

*

*

**

**
b)

T1-IR T2-IR T3-IR T4-IR T1-WS T2-WS T3-WS T4-WS

0.7

0.8

0.9

1.0

1.1

1.2

1.3
P
S
II

2022

**

**
*

**

*

**

**

**

**

***

**

***c)

T1-IR T2-IR T3-IR T4-IR T1-WS T2-WS T3-WS T4-WS

0.5

0.6

0.7

0.8

0.9

1.0

P
S
II

2023

* p<=0.05 ** p<=0.01 *** p<=0.001

d)

T1-IR T2-IR T3-IR T4-IR T1-WS T2-WS T3-WS T4-WS

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

P
S
II

2023

*

*

*

**

*

*

*

*

*e)

T1-IR T2-IR T3-IR T4-IR T1-WS T2-WS T3-WS T4-WS

0.6

0.7

0.8

0.9

1.0

P
S
II

2023

*

*

*
f)

Fig. 3   Quantum photosynthetic yield (efficiency) of photosystem II 
(ΦPSII), under biostimulant and micronutrient treatments for preci-
sion drip irrigation and water stress conditions at different stages of 
maize growth. (a) V12 growth stage in 2022 season, (b) VT growth 
stage in 2022 season, (c) R2 growth stage in 2022 season, (d) V12 
growth stage in 2023 season, (e) VT growth stage in 2023 season, (f) 

R2 growth stage in 2023 season. IR – Precision drip irrigation, WS 
– Water stress, T1 – biostimulant, T2 and T3 – chemical fertilizers 
containing micronutrients (details in the methodology), T4 – control. 
*, **, and *** means significant differences by Tukey test at p < 0.05, 
p < 0.01, and p < 0.001, respectively (treatments not compared were 
not significantly different)
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3.2 � Effect of Water Management, Foliar 
Biostimulant and Micronutrients Application 
on Yield and Yield Components of Maize

3.2.1 � Number of Seeds per Cob, Weight of 1000 Seeds 
and Cob Weight

In both seasons, water management significantly (p < 0.05) 
improved the number of seeds per cob, with precision drip 
irrigation having 538 and 506 seeds per cob compared to 
164 and 468 seeds per cob under water stress in 2022 and 
2023 seasons, respectively. The individual effects of treat-
ments T1, T2 and T3 under each water regime and their 
interactions with water management did not significantly 
differ in the two seasons. In 2022 season under precision 
drip irrigation, the seed number per cob was 573, 529 and 
571 in T1, T2 and T3 compared to 478 in the control. Sim-
ilarly, under water stress conditions, the seed number per 
cob was 142, 194 and 177 in T1, T2 and T3 compared to 
144 in the control. This similar trend was recorded in the 
2023 season. In terms of weight of 1000 seeds, precision 
drip irrigation significantly improved 1000 seed weight 
both in 2022 and 2023 seasons. Precisely, the weight of 
1000 seeds under precision drip irrigation was 363.3 and 

534.7 g compared to 268.3 and 505.2 g under water stress. 
Meanwhile, the treatment and interaction effects were only 
significant for 2023 season. In 2022 season, all treatments 
(not significant) had 1000 seed weight between 312.5 and 
318.6 g while in 2023, treatments T1, T2 and T3 had 
1000 seed weight of 537.3, 531.6 and 525.2 g compared 
to 485.4 g in the control. Interactively, T2 had the highest 
(569.9 g) 1000 seed weight under precision drip irrigation 
(Fig. 5). Looking at cob weight, in both 2022 and 2023 
seasons, precision drip irrigation significantly improved 
cob weight with weight of 222.19 and 304.6 g compared 
to 57.3 and 261.9 g under water stress. On the other hand, 
although the individual effects of the biostimulant and 
micronutrients within each water regime did not signifi-
cantly differ, specific comparison of their performance 
between the two water management regimes revealed a 
higher cob weight under precision drip irrigation in both 
seasons. The respective cob weight in the 2022 season 
was 237.8, 226.0, and 230.0 g in T1, T2 and T3 under 
precision drip irrigation compared to 49.8, 68.4 and 63.2 g 
under water stress. Correspondingly, in 2023 season, T1, 
T2 and T3 under precision drip had cob weights of 316.4, 
310.8, and 300.8 g compared to 260.7, 266.2 and 274.9 g 
under water stress.
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Fig. 4   Electron transport rate (ETR) under biostimulant and micro-
nutrient treatments for precision drip irrigation and water stress con-
ditions at different stages of maize growth. (a) V12 growth stage in 
2022 season, (b) VT growth stage in 2022 season, (c) R2 growth 
stage in 2022 season, (d) V12 growth stage in 2023 season, (e) VT 
growth stage in 2023 season, (f) R2 growth stage in 2023 season. IR 

– Precision drip irrigation, WS – Water stress, T1 – biostimulant, T2 
and T3 – chemical fertilizers containing micronutrients (details in the 
methodology), T4 – control. *, **, and *** means significant differ-
ences by Tukey test at p < 0.05, p < 0.01, and p < 0.001, respectively 
(treatments not compared were not significantly different)
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3.2.2 �  Overall Grain Yield (t ha–1)

Water management, foliar biostimulant and micronutrients 
application optimized grain yield. In fact, water manage-
ment significantly (p < 0.05) improved grain yield in both 
seasons. Grain yield under precision drip irrigation was 13.3 
and 19.4 t ha–1 compared to 3.8 and 17.3 t ha–1 under water 
stress in 2022 and 2023 growing seasons, respectively. In 
this case, precision drip irrigation optimized grain yield by 

9.5 and 2.1 t ha–1, respectively. Contrastingly, regardless of 
the water management regime, biostimulant and micronu-
trients application significantly (p < 0.05) optimized grain 
yield only in 2023 growing season. In 2022 growing season, 
treatments T1, T2, and T3 had yield between 8.4 and 8.6 
t ha–1 compared to 7.1 t ha–1 in the control. In 2023 grow-
ing season, grain yields of 18.7, 18.7 and 18.6 t ha–1 were 
obtained from T1, T2 and T3, respectively compared to 
17.5 t ha–1 in the control. Although, the yield of T1, T2 

Fig. 5   Interactive effects 
of water management and 
biostimulant, and micronutrients 
on the weight of 1000 seeds in 
2022 (a) and 2023 (b) growing 
seasons. T1 – biostimulant, 
T2 and T3 – chemical fertiliz-
ers containing micronutrients 
(details in the methodology), T4 
– control. Different letters show 
significant difference between 
treatments by Tukey test at 
p < 0.05
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and T3 did not significantly differ from each other, each 
of these treatments improved yield by 1.0 t ha–1 compared 
to the control in 2022 season. In 2023 season, grain yield 
was significantly optimized by 6.9% (1.2 t ha–1) under T1 
and T2, and 6.3% (1.1 t ha–1) under T3 treatments, respec-
tively (Fig. 6). The comparative analysis of the efficacy of 
treatments T1, T2 and T3 between precision drip irrigation 
and water stress indicated a considerably higher yield under 
precision drip irrigation compared to water stress. T1 under 
precision drip irrigation had yield of 14.2 and 20.8 t ha–1 
compared to 2.5 and 17.4 t ha–1 under water stress in 2022 
and 2023 growing seasons, respectively. Accordingly, T2 

under precision drip irrigation had yield of 13.6 and 19.8 
t ha–1 compared to 3.7 and 17.6 t ha–1 under water stress 
in 2022 and 2023 growing seasons, respectively. Figure 7 
provides the detailed comparison of grain yield of maize 
under biostimulant and micronutrient treatments between 
precision drip irrigation and water stress conditions.

3.2.3 � Relationship Between F’, Fm’, Fq’, ΦPSII, ETR and Grain 
Yield

Figure 8 shows the correlation between chlorophyll fluo-
rescence parameters, photochemical yield and grain yield 

Fig. 6   Overall yield response 
to foliar biostimulant and micro-
nutrient application in 2022 and 
2023 seasons. T1 – biostimu-
lant, T2 and T3 – chemical ferti-
lizers containing micronutrients 
(details in the methodology), 
T4 – control. Error bar is the 
standard error. Different letters 
on the bars in each season show 
significant difference between 
treatments by Tukey test at 
p < 0.05
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Fig. 7   Grain yield of maize under foliar biostimulant and micronutri-
ent treatments with precision drip irrigation and water stress condi-
tions in 2022 and 2023 growing seasons. IR – Precision drip irriga-
tion. WS – Water stress, T1 – biostimulant, T2 and T3 – chemical 
fertilizers containing micronutrients (details in the methodology), 

T4 – control. * and ** means significant differences by Tukey test 
at p < 0.05 and p < 0.01, respectively. Comparisons were only made 
where significant differences existed between T1, T2 and T3 between 
water management regimes



Journal of Soil Science and Plant Nutrition	

of maize. From the results, Fm’, Fq’, ΦPSII and ETR were 
positively correlated, while F’ negatively correlated with 
ΦPSII, ETR and grain yield. Further, there was a significant 
positive correlation between ΦPSII, ETR, and grain yield.

4 � Discussion

The photochemical efficiency and yield of maize was opti-
mized by precision drip irrigation in both seasons while the 
biostimulant and micronutrient significant effects were sea-
sonal. In both seasons, it is only F’ that uniformly decreased 
at VT stage though higher under water stress, and  generally 
increased at R2 stage. According to dos Reis et al. (2019), 
increase in the minimum fluorescence relates to the del-
eterious effects on photosynthesis, hence reduced excitation 
energy transfer to the reaction centers from the PSII antenna 
complex. However, parameters Fm’, Fq’, ΦPSII, and ETR 
depicted opposite patterns in 2022, and similar progressive 
patterns in 2023 growing season. Although the discrepancy 
of Fm’, Fq’, ΦPSII and ETR was evidenced between the two 
water regimes, precision drip irrigation maintained optimal 
effects in both growing seasons. Abiotic stresses including 
water stress negatively affect chlorophyll biosynthesis, effi-
ciency of photosystems, and ETR, causing reduction in over-
all photosynthetic efficiency (Sharma et al. 2020). Similarly, 
other reports show diminished photochemical activity and 
ETR as well as undesirable effects of extreme accumulation 
of excitation energy on photosynthesis due to water/drought 
stress (Zivcak et al. 2013; Hu et al. 2023). In this study, the 
effects of water stress were significantly evident at the VT and 
R2 stages because of distinct reduction in the ΦPSII and ETR, 

which precision drip irrigation ameliorated. In terms of grain 
yield, precision drip irrigation significantly increased yield in 
both seasons. However, maize grain yield was generally lower 
in 2022 compared to 2023, attributed to high heat stress and 
low precipitation (validated by climate data) between June 
to August, which were the active months of maize growth. 
Gombos and Nagy (2023) conducted an independent study to 
examine maize growth meteorological conditions at Debrecen 
in 2022 (similar location as this study) and revealed that the 
area experienced severe drought exacerbated by high tempera-
tures than before, especially during summer months, making 
average maize yield to be lower than before. Overall, extreme 
soil water gradient (high or low) decreases photosynthetic 
efficiency (Zhao et al. 2019) and, in particular, drought stress 
damages the PSII reaction centers, hence compromising pro-
ductivity. Generally, in this study, precision drip irrigation 
ameliorated drought effects on chlorophyll fluorescence, pho-
tochemical efficiency, and yield of maize.

Optimization of photochemical yield by the biostimulant 
and micronutrients was higher under precision drip irriga-
tion compared to water stress. Abidi et al. (2023) utilized 
biostimulants from moringa extracts and recorded lower 
ETR as an indication of decreased response of PSII open-
ing centers to drought, but generally fluorescence parameters 
were improved under irrigation. Similarly, dos Reis et al. 
(2019) revealed that chitosan derivatives positively enhanced 
photosynthetic activity and electron transport yield in PSII. 
In this study, biostimulant was rich in nitrogen, organic 
matter, amino acids and fulvic acid, which improved pho-
tosynthetic activity. Studies show that nitrogen increases 
chlorophyll content and enzymatic activity that promotes 
efficient functioning of the photosynthetic systems (Nasar 

Fig. 8   Correlation between 
chlorophyll fluorescence, quan-
tum efficiency of photosystem 
II, and grain yield of maize. 
F’ (minimal fluorescence), 
Fm’ (maximal fluorescence), 
Fq’ (fluorescence difference 
between Fm’ and F’, ΦPSII 
(quantum photosynthetic yield 
or efficiency of photosystem II), 
ETR (electron transport rate), 
GY (Grain yield)
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et al. 2022; Nematpour and Eshghizadeh, 2023). Niu et al. 
(2023) noted that amino acid glycine betaine regulates 
growth and development processes in plants. According 
to Cheng et al. (2024), optimal application of amino acid 
containing biostimulants improve productivity and exhibit 
prospective widespread application to sustain agricultural 
production. Generally, our results show that the efficacy of 
the biostimulant and micronutrients improves with supply 
of adequate moisture through precision drip irrigation. This 
implies that in the advent of rapidly propagating drought, 
maximum agronomic efficiency of exogenously applied 
nutrients is attainable only if adequate moisture is supplied 
at critical stages of maize growth.

The yield and yield components (cob weight and 1000 
seed weight) under treatments were seasonally optimized. 
Moreover, comparative analysis of yield performance by 
treatments under precision drip irrigation and water stress 
indicated a considerably higher yield under precision drip 
irrigation compared to water stress. Specifically, T1 had 
higher grain yield in both seasons under precision drip irri-
gation, suggesting its application efficacy under this water 
regime. Generally, in both seasons, T1, T2 and T3 reversed 
the deleterious effects of water stress on grain yield. Reduc-
tion in yield due to water stress is attributed to stomatal 
closure as a responsive mechanism that causes carbon star-
vation due to lowered CO2 absorption and transportation 
(Sharma et al. 2020). The results of this study suggest that 
efficacy of T1, T2 and T3 to enhance maize grain yield and 
overall productivity is practical under precision irrigation 
depending on season. However, regardless of the water 
application regime, the fact that the individual yield of T1, 
T2 and T3 did not differ from each other (under each water 
regime), but differed compared to the control, suggests the 
need to test the effect of combined foliar application of these 
treatments to ascertain the existence of synergistic effects. 
Based on soil analysis results, nitrogen soil content was 
inadequate. This implies single application of T1 did not 
meet maize nitrogen demand for optimum productivity. This 
suggests two options: first, to maintain single T1 application 
but boost nitrogen supply to maize through increased soil 
application. However, this may not be sustainable because 
of potential effects of nitrogen pollution. Secondly, to have 
multiple applications of T1 at different phenophases. These 
necessitate further investigation to ascertain exact times of 
application versus precision drip irrigation regimes. In other 
words, the productivity potential of the biostimulant was 
not attained. Crop response to biostimulants depends on 
biostimulant formulation and utilization approach, climate 
conditions (Długosz et al. 2020), plant factors (Berta et al. 
2014), among other factors. Similarly, the fact that zinc was 
adequate in the soil suggests the need to test the efficacy 
of T2 in zinc deficient soils (locations) under varying drip 
irrigation regimes. Hussain et al. (2020) reported similar 

yield of maize in potassium and zinc fertilized plots with 
well-irrigated plots without potassium and zinc fertiliza-
tion, and the authors emphasized the need for evaluation of 
irrigation scheduling. However, Idrees et al. (2024) noted 
that zinc supplementation enhanced yield components com-
pared to non-zinc treatment both under watered and water 
stress conditions. Similarly, Elshamly et al. (2024) revealed 
that with 75% irrigation, zinc application enhanced opti-
mum dry matter accumulation and economic yield. Zinc is a 
critical micronutrient that regulates metabolic processes and 
enhances photosynthetic carbon assimilation by maize under 
severe abiotic stress (Sun et al. 2021; Ghani et al. 2022; 
Idrees et al. 2024).

The correlation analysis revealed a significant positive 
nexus between ETR, ΦPSII and grain yield. This is an 
indication that ΦPSII and ETR are better indicators of the 
potential effect of water management, foliar biostimulant and 
micronutrient application on maize productivity. Jin et al. 
(2023) reported a positive correlation between chlorophyll 
fluorescence and photosynthesis, with a substantial increase 
in water stress. However, variation in the results of chloro-
phyll and photochemical parameters at different stages of 
maize growth indicates the possibility of using these param-
eters to detect and ameliorate deleterious water stress effects 
on maize yield at early stages. In other words, this will make 
utilization of agronomic interventions sustainable since early 
remediation measures enhance attainment of planned yield.

5 � Conclusion

Fertilization and precision water supply remain the prin-
cipal impetuses to the achievement of sustainable maize 
productivity. In this study, precision drip irrigation, foliar 
application of the biostimulant and micronutrients opti-
mized maximal fluorescence, photosynthetic efficiency and 
electron transport rate. Although precision drip irrigation 
significantly optimized yield and yield components in both 
seasons, biostimulant and micronutrient effects were sea-
sonally conspicuous regardless of irrigation. Comparative 
performance of the biostimulant and micronutrients under 
water management regimes indicated higher yield under pre-
cision irrigation compared to water stress. However, since 
the soils in the experimental site were deficient in nitrogen 
and adequate in zinc, it suggests several research gaps: (i) a 
study tailored to 2–3 application times at critical stages of 
maize under season specific precision irrigation, (ii) need 
to test the effect of combined foliar application of T1 (non-
microbial biostimulant from plant origin), T2 (zinc based 
chemical fertilizer), and T3 (boron and molybdenum based 
chemical fertilizer) to ascertain the existence of synergistic 
effects, and (iii) need to test the efficacy of T2 in soil types 
(locations) deficient in zinc under precision drip irrigation. 
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Overall, precision drip irrigation, foliar application of 
biostimulant and micronutrients demonstrated their capac-
ity to optimize photosynthetic efficiency, yield and yield 
components of maize.
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