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Abstract: Maize is a plant of a global cultivation range and great economic importance, which is
mainly due to its high yield potential and versatile use as food, fodder, and energy source. To
evaluate the effects of drip irrigation and nitrogen fertigation on maize growth in light soil in
the climate conditions of Central Poland, a field experiment was carried out in 2015–2017, as a
dependent split-plot design with four replications. Two factors were used: I. drip irrigation (W0—no
irrigation, W1—optimal irrigation, ensuring 100% coverage of the water needs of maize during the
period of increased water needs), II—method of top dressing application of two doses of nitrogen
2 × 40 kg·ha−1 (T—traditional application as broadcasted urea, F—fertigation with the use of a 6%
aqueous solution of urea). The results presented in the paper concerning the absolute, relative and
unitary average increases in corn grain yields under the influence of drip irrigation indicated the
potential for increasing significantly the productivity of corn under the condition of optimizing the
water factor. The average yield increase was 2.35 t·ha−1, varying depending on rainfall pattern: in the
dry season it was 4.79, and in the wet season 1.03–1.22 t·ha−1. The application of top-dressing nitrogen
fertigation resulted in a significant increase in the yield of maize grain in relation to the traditional
method of nitrogen fertilization. Drip irrigation and fertigation are treatments that, ensuring the
stability of maize yield over the years, contribute to an increase in plant yield by approximately 25%
on average, and over 80% in the dry seasons.

Keywords: drip irrigation; nitrogen fertigation; production effects of maize; irrigation water productivity

1. Introduction

Maize is a plant of a global cultivation range and great economic importance, which is
mainly due to its high yield potential and versatile use as food, fodder, and energy source.
According to data gathered by FAOSTAT [1], in 2020 maize was cultivated on 202 million
hectares, and its world production was rated at 1162.4 million tons. Compared to 2001, the
cultivation areas of maize increased by 47% while the harvest by as much as 89%. Similar
trends in the growth of this crop were recorded in Europe, where the cultivation area
increased from 13.5 to 19.4 million ha and a 63% increase in production was recorded. In
Poland, the central area of the European continent, the maize cultivation area in 2012–2020
amounted to approx. 620,000 ha and it was twice as high as in 2004–2011. According to the
CAPRI model, a further increase in yields is expected due to the introduction of new maize
cultivars adapted to changing climatic conditions as well as agrotechnical progress [2].

Irrigation plays an important role in maize cultivation, primarily in arid and semi-arid
climate zones, since it is the basic yield-affecting factor under the conditions of constant or
periodic lack of rainfall, conditioning the optimum growth, development, and satisfying
yielding of the crop. In such climatic conditions, food production without irrigation would
not be possible. According to data from AQUASTAT [3], the world area of irrigated maize
is 31.5 million hectares, accounting for 15.6% of the global total cultivated area. The largest
areas of irrigated maize are located in China (13 million ha), the USA (4.8 million ha), and
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India (2.2 million ha). In Europe, maize is irrigated on 2.4 million hectares, mainly in France,
Italy, and Spain.

The scientific research on maize irrigation mainly concerns the economic management
in conditions of declining irrigation water resources. These studies are aimed at maximizing
specific water consumption. In particular, the effects of introducing economical irrigation,
based on incomplete coverage of the water needs of plants, are being studied [4–15].

A considerable number of papers have been devoted to the topic of improving innova-
tive water and energy-saving technologies as compared to surface and sprinkler irrigation
systems [16–18]. Such technology is drip irrigation, which enables fertigation, i.e., an
innovative way of providing plants with water and nutrients, especially nitrogen. The
combined use of irrigation and nitrogen fertilization through fertigation is now becoming a
common practice in modern agriculture due to its advantages over conventional methods.
The advantages of fertigation include the accurate timing and application of fertilizer
(nitrogen) which contributes to a reduction of environmental pollution [19].

In Poland, the irrigation of crops is an interventional procedure used to supplement
periodic shortages of atmospheric precipitation in relation to the water requirements of the
crops. On average, these shortages are medium level and concern especially sandy soils
with low water retention, located in the central, lowland part of the country [20–22]. The
problem, however, is the highly variable amount of precipitation from year to year, which
leads to repeated but irregular atmospheric, agricultural and hydrological droughts. These
phenomena occur with an average frequency of about 30% of the years [23–25]. Under
such conditions, maize cultivation in central Poland is at high risk of yield reduction due
to water deficits. According to our previous research, regional yield losses in dry years
average 13%, with a maximum of 27% [26].

Despite the limitations resulting primarily from economic conditions [27] and the lack
of an adequate number of water sources characterized by a sufficient amount of water,
irrigation of maize in central Poland is a solution being considered for the future. The
main factors that will accelerate the introduction of irrigation in this area include, firstly,
the provision of higher, more stable and better quality crop yields, secondly, the need to
increase the innovativeness and competitiveness of increasingly developing farms, and
finally, the projected climate change [22]. According to the theory of global warming, the
frequency of droughts in moderate latitudes will increase [28,29]. Some studies indicate
that these changes are already taking place. Tendencies for increased droughts during the
summer have been observed, especially in central Poland, where water is a limiting factor
for crop yields [30].

Introducing irrigations to maize production on a larger scale in central Poland, in-
cluding maize for grain, should be preceded by field experiments that would assess its
effectiveness. Such studies have already been carried out in the vicinity of the city of
Bydgoszcz, the capital of Kujavia, and the southern part of the Pomerania region [31], but
such trials should be continued due to the abundance of new cultivars, and remarkable
biological and agrotechnical progress in maize cultivation.

The main objective of the undertaken research was to evaluate the response of maize
grown for grain to drip irrigation as an innovative, water-saving, and energy-saving
irrigation technology. The aim of the study was also to evaluate the response of maize to
fertigation and the interaction of drip irrigation and fertigation in shaping the yield of the
crop. In Poland, fertigation is used mainly in fruit and vegetable production [32–34]. So far,
only one case study has been conducted in maize cultivation with fertigation treatment,
however, the expected significant differentiation of most of the maize features under the
influence of the use of drip nitrogen fertigation was not found on sandy soil [35].
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2. Materials and Methods
2.1. Experimental Site

The field experiment with drip irrigation and fertigation in maize was carried out in
2015–2017 at the Agricultural Experimental Station of the Bydgoszcz University of Science
and Technology located in the agricultural area of the Mochełek settlement in the region of
Kujawsko-Pomorskie in Poland (Figure 1). The experimental field is situated about 20 km
from the center of the city of Bydgoszcz, on the south-eastern edge of the Krajeńska Upland
(ϕ = 53◦13′ N, λ = 17◦51′ E, h = 98.5 m a.s.l.).
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2.2. Experimental Design

The field experiment was carried out on sandy soil, formed from fluvioglacial sands,
which is included in the IVa soil valuation class and a very good rye complex of valuation
on agricultural suitability. It is light soil on compact subsoil (slightly loamy sand on shallow
medium loam). The content of silt and clay fraction is 18% in the layer 0–50 cm and 46% in
the layer 51–100 cm. The water content in one meter of the soil layer is 215 mm, at the field
water capacity [20].

The experiment was carried out in a dependent split-plot design with four replications.
The plot area for harvesting maize was 12 m2. Two factors were applied: I. drip irrigation
(W0—no irrigation, W1—optimal irrigation, ensuring 100% coverage of the water needs of
maize during the period of increased water needs), II—method of top dressing application
of two doses of nitrogen 2 × 40 kg·ha−1 (T—traditional application as broadcasted urea,
F—fertigation with the use of a 6% aqueous solution of urea).

The cultivar of maize used in the experiment was ‘Smolan’ which is a medium-early
maturing variety, trilinear type, and FAO 230. It is characterized by universal use but is
mainly intended for grain cultivation. This cultivar has medium soil requirements and is
characterized by good disease resistance. The crop was grown as a monoculture. In all
seasons, proper agricultural techniques were used, including careful tillage, pre-sowing
nitrogen fertilization in the dose of 100 kg N·ha−1, phosphorus-potassium fertilization in
the doses corresponding to the soil’s abundance of these components, early sowing date,
and chemical plant protection treatments, which included preventing the occurrence of
weeds and pests. Seeds were sown into the ground on 4 May 2015, 28 April 2016, and
29 April 2017, at a row spacing of 75 cm and seed spacing of 20–22 cm which resulted in
a density of about 8 plants per 1 m2. The harvest was carried out on the following dates:
27 October 2015 and 2016, and 6 November 2017. The treatments of the top dressing with
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nitrogen were carried out in the third 10-day period of June (first dose) and the first 10-day
period of July (second dose).

2.3. Irrigation Scheduling vs. Weather Conditions

An innovative surface drip system technology was used for maize irrigation. The drip
lines were arranged between rows and the spacing between emitters embedded in the pipe
wall was 200 mm. Water output of about 1 L per hour was obtained from 1 m of drip line
at the pressure of 1 hPa. The source of water for irrigation was the commune water intake
located at the edge of the field.

Irrigation dates were determined using continued monitoring of the moisture con-
tent of the soil layer penetrated by plants’ root systems by balancing the store of readily
available water (RAW) based on meteorological parameters, and it was supported by direct
measurements of soil moisture with the Fieldscout TDR 300 Soil Moisture Meter by Spec-
trum Technologies, Inc. The coverage of maize’s water needs resulted from maintaining
soil moisture in the range of RAW in the root zone of plants. This range was determined by
the balance method used, according to which RAW ranges from 0 to the effective useful
retention is 35 mm of the field experimental soil where maize was grown.

Top dressing fertilization was static. For fertigation with nitrogen, the water-powered,
non-electric chemical injector by Dosatron was used. The plants were optimally irrigated,
ensuring a reserve of readily available water in the soil layer with controlled moisture
content during the entire period of high water needs of plants. The number of single
irrigation doses and the total seasonal dose depended on the course of the weather, includ-
ing air temperature (Table 1), but mainly on the amount and distribution of precipitation
(Table 2). In the dry season of 2015, as much as 225 mm was applied in 9 doses in the
period from 10 June to 21 August. In the other two moist seasons, a total of just 45 mm
was applied on 19 and 25 August 2016 (2 doses) and only 20 mm at once on 22 June 2017.
Comparing the weather in the whole research period of 2015–2017 to the climatic conditions
for the area, it can be concluded that in terms of thermal, they were close to the long-term
averages. However, the precipitation totals from April to September were 14% higher than
the long-term climate norm.

Table 1. Average monthly air temperature in Mochełek in the years of research against the long-term
averages (◦C).

Year Apr. May June July Aug. Sept. Apr.–Sept.

1981–2010 7.9 13.3 16.1 18.6 17.9 13.1 14.5
2015 7.5 12.4 15.7 18.5 20.9 13.8 14.8
2016 8.3 14.7 17.7 18.3 16.4 14.3 14.9
2017 6.8 13.4 16.8 17.7 17.7 13.1 14.2

Table 2. Monthly totals of atmospheric precipitation in Mochełek in the years of research against the
long-term averages (mm).

Year Apr. May June July Aug. Sept. Apr.–Sept.

1981–2010 27.0 49.3 52.8 69.8 62.6 46.0 307.6
2015 15.6 21.6 33.0 50.4 20.3 52.4 193.3
2016 28.7 51.4 98.1 133.8 55.3 19.4 386.7
2017 40.8 56.3 54.3 118.9 126.1 78.4 474.8

The influence of the factors on grain yield, its quality, and some elements of its structure
was investigated. The protein content in the grain was determined with the colorimetric
method. Statistical calculations were performed using the ANALWAR-5.1.FR package.
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3. Results
3.1. The Balance of Water Readily Available to Plants

Drip irrigation ensured the access of plants to readily available water (RAW) through-
out the period of high maize water needs from 11 June to 31 August (Figures 2–4). Without
irrigation, in the conditions of rainfed plots, the water supply was depleting. The pace of
water depletion in soil depended on the amount and distribution of rainfall. In the dry
growing season of 2015, as many as 55 days were recorded with an allowable depletion in
the soil layer with controlled moisture in the period from 11 June to 31 August (Figure 2).
In the wet growing season of 2016, RAW water depletion occurred for only a few days in
late August (Figure 3). In turn, in the wettest growing season of 2017, readily available
water depletion appeared for 9 days in the third 10-day period of June and the first 10-day
period of July (Figure 4).
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3.2. Evaluation of the Production Effects of Irrigation and Fertilization in Maize

The obtained production effects were derived from the irrigation needs of the crop
(Table 3). In the dry season of 2015, a significant increase of 4.79 t·ha−1 (77%) in the yield of
grain dry matter was achieved. In contrast, in the wet seasons of 2016 and 2017, this was
1.22 (9%) and 1.03 t·ha−1 (9%), respectively. The average efficiency of production under
irrigation, which should be the basis for considerations regarding the advisability of maize
irrigation in the climatic conditions of Central Poland, was 2.35 t of grain dry matter per ha
(23%), and the efficiency of 1 mm of irrigated water amounted to 24.3 kg·ha−1. Irrigation
helped stabilize grain yields, which were higher under irrigated conditions in the wet
seasons of 2016 and 2017 compared to the dry of 2015.

Table 3. Differentiation of dry matter yield of maize grain under the influence of experimental
factors (t·ha−1).

Variants 2015 2016 2017 Mean

W0

T 6.23 12.46 11.49 10.06
F 6.18 12.45 11.50 10.04

Mean 6.20 12.46 11.50 10.05

W1

T 10.66 13.42 12.15 12.08
F 11.32 13.95 12.92 12.73

Mean 10.99 13.68 12.53 12.40

N
T 8.44 12.94 11.82 11.07
F 8.75 13.20 12.21 11.39

Mean 8.59 13.07 12.01 11.23

W1−W0
t·ha−1 4.79 1.22 1.03 2.35

% 77 9 9 23

F−T
t·ha−1 0.31 0.26 0.39 0.32

% 4 2 3 3

LSD 0.05
W 0.38 ns 0.42 **
N ns ns ns *

I (N ×W) ns ns ns *
W0—non-irrigated, W1—irrigated, W—water factor, N—nitrogen application, T—broadcasted nitrogen fertilizer,
F—nitrogen fertigation, W × N—interaction between factors, ns—non-significant, *—p ≥ 0.05, **—p ≥ 0.01.

The application of drip nitrogen fertigation, compared to the traditional method of
fertilization, resulted in an average significant increase in dry matter yield of grain by
0.32 t·ha−1 (3%), while under irrigation conditions by 0.65 t·ha−1 (5%). Fertigation was
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ineffective in the rainfed maize plots. The effect of fertigation and its interaction with
irrigation was significant throughout the three-year research period.

3.3. Water Needs of Maize

Significant dependency of maize grain dry matter yield on water conditions in the
period of active vegetation (June–September) is presented in Figure 5. The dependency is
a quadratic function. As can be seen from the formula shown in Figure 5, the maximum
grain yield was gained at the level of the total amount of atmospheric precipitation and
irrigation doses of 320 mm. This sum can be considered an approximation of the amount of
water needed by maize grown for grain during the active vegetation season, which covers
the period from early June to late September.
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3.4. The Effect of Drip Irrigation and Nitrogen Fertigation on the Yield Structure and Its Quality

Of the factors used in the experiment, drip irrigation had a greater impact on the
diversity of selected elements of the yield structure and grain quality. Irrigated plants had
a significantly higher share of cob yield in whole-plant yield, their grain had a higher dry
matter content at harvest, and the weight of one thousand grains was higher compared
to non-irrigated plants. Maize fertigated with nitrogen compared to plants fertilized
traditionally had a greater share of cob yield in the yield of whole plants. The method
of nitrogen dosing through the drip system did not significantly differentiate the other
elements of the maize yield structure. The significance of the interaction of irrigation and
fertigation in shaping those features was also not demonstrated (Table 4). It is worth noting
that none of the applied factors differentiated the protein content of the grain, which amounted
to 10.0–10.1% of dry matter. Therefore, the resulting variation in protein yield was the result
of variation in grain dry matter yield among the variants (Figure 6). Protein yield was higher
by 3.82 t·ha−1 (28.7%), as a result of drip irrigation, which supplemented the deficiencies of
rainfall during the period of plants’ vegetation, while it increased by 0.98 t·ha−1 (6.7%) under
the effect of the additional dose of nitrogen applied as top dressing fertigation.
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Table 4. Effect of drip irrigation and nitrogen fertigation on selected elements of yield structure and
grain quality (average values of 2015–2017) 1—share of cob yield in total crop yield, 2—share of grain
yield in cob yield, 3—dry matter content in grain at harvest, 4—thousand-grain weight, 5—protein
content in grain.

Variants
Elements of the Yield Structure

1 2 3 4 5

Irrigation N Fertigation % % % g %

W0 T 48.9 76.0 67.5 320 10.0
W0 F 49.8 74.7 67.1 320 10.1
W1 T 49.6 72.4 68.8 340 10.1
W1 F 50.6 73.2 68.8 343 10.0

W0 49.3 75.3 67.3 320 10.0
W1 50.1 72.8 68.8 342 10.0
T 49.3 74.0 68.2 330 10.1
F 50.2 73.9 68.0 332 10.0

Mean 49,7 73.9 68.1 331 10.0

LSD 0.05
W * ns * ** ns
N * ns ns ns ns

W × N ns ns ns ns ns
W0—non-irrigated, W1—irrigated, W—water factor, N—nitrogen application, T—broadcasted nitrogen fertilizer,
F—nitrogen fertigation, W × N—interaction between factors, ns—non-significant, *—p ≥ 0.05, **—p ≥ 0.01.
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4. Discussion

Maize is a plant particularly predestined for cultivation under irrigation conditions,
as evidenced by the results of domestic [20,35–41] and foreign research [42–46]. In climatic
zones where water is the primary yield-forming factor in crop production, modern studies
are focused on the impact of the so-called deficit irrigation on the yield and quality of
maize grain. Therefore, many studies in the literature are devoted to this approach to
irrigation [47–50]. Under the climatic conditions of Central Poland, maize irrigation is
supplementary to unevenly distributed or too-low precipitation totals [51]. Żarski and
Dudek [41] report that in Central Poland, where precipitation deficits are characterized by
the highest frequency of occurrence, compared to other regions of the country, medium
and high irrigation needs of grain maize grown on light soil occur in as many as 71.4% of
years, of which in 25.7% of years these needs are defined as large, requiring the use of more
than 4 doses of water (amounted to a total of 125 mm). Other research results [21] state
that maize cultivation in the region of Kujawsko-Pomorskie is carried out in conditions
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of rainfall deficiency, which during the period of increased water needs of maize range
from −91 to −124 mm, (depending on the location). This confirms the thesis that the main
reasons for the high variability of corn grain yields from year to year in Central Poland
are water shortages during the growing season of this crop [21]. Additionally, numerous
authors mention soil conditions, especially the water properties, which determine the
production effects of grain maize cultivation under irrigation [52–55]. Results of research
by Żarski et al. [52] indicate that the yield of dry matter maize grain depended significantly
on crop soil conditions. Drip irrigation applied to maize grown on heavy loamy sand with
medium loam subsoil resulted in an average increase in dry matter yield by 2.77 t ha−1,
while on very light soil the average yield was 7.37 t ha−1 and it was slightly lower than
the yield of irrigated plants cultivated on medium soil (8.33 t·ha−1). The positive effect
of maize irrigation with the drip system on very light soil is also confirmed by the study
by Grzelak and Żarski [38], in which the authors obtained an increase in the yield of dry
matter of grain of two maize cultivars at the level of 4.22–5.31 t·ha−1, compared to the
yield of plants from non-irrigated plots. The importance of the soil type in shaping the
production effects of irrigation and nitrogen fertigation in the climatic conditions of the
Asian continent is emphasized in their research by Wu et al. [56], according to which the
optimization of water conditions in maize cultivation through the use of drip irrigation
system increased grain yield by 28% on sandy soils and 12% on clay soils, compared to the
yield obtained from rainfed plots. In turn, the use of nitrogen fertigation under irrigation
conditions resulted in an increase in grain yield by 41% on sandy soil and 17% on clay soil,
compared to the non-irrigated control group.

The results of our study presented in this paper confirmed that the use of irrigation in
maize cultivation under the climatic conditions of Central Poland is an intervention measure
that supplements emerging precipitation deficiencies, but is not a primary yield-forming
factor [20,22,57]. Irrigation needs depend on the amount and distribution of atmospheric
precipitation, which in Central Poland is characterized by very high variability in the
individual years. In our experiment, high irrigation needs occurred only in the growing
season of 2015 while in the remaining seasons’ irrigation was used occasionally because
the water needs of plants were covered by natural rainfall. The absolute, relative and
unitary average increases in maize grain yields obtained in the conducted research under
the influence of drip irrigation indicate the potential for increasing the productivity of the
crop when the water factor is optimized. In the three-year period of 2015–2017, which was
more beneficial in terms of rainfall conditions compared to the reference period 1981–2010,
the average increase in yield of 2.35 t of grain dry matter per ha (23%) and the unitary
efficiency of 1 mm of irrigated water of 24.3 kg·ha−1 was obtained. The efficiency of 1 mm
of water supplied by drip irrigation in maize grown for grain on very light soil in Central
Poland ranged from 25.2 kg ha−1 [52] to 29.3 kg ha−1 [35]. In the growing season, with the
greatest shortages of precipitation, during the period of the plants’ highest needs of water,
this indicator reached the level of 33.4 kg·ha−1. Therefore, it can be assumed, based on
the analysis of models of dependence of irrigated yield increase on rainfall conditions [20],
that the average production effects of drip irrigation in maize cultivation in the region of
Bydgoszcz will be higher than those obtained in our research.

Our results are consistent with the results of Żarski and Dudek [41], who report that
in years of high irrigation needs, the predicted increases in grain yields due to irrigation
amount to at least 3.60 t·ha−1. Dudek et al. [31] found that the water supplementation
resulted in an increase in grain dry matter yield, from 5.62 to 8.53 t·ha−1 on average, or
2.91 t·ha−1 (52%). Yield increments varied depending on weather conditions in individual
growing seasons from 0.46 to 8.47 t·ha−1. Production effects of maize irrigation on very
light soil were also reported by Żarski et al. [35]. The authors indicate that the yield of dry
matter of maize grain depended on the course of weather conditions. The yield obtained
from plots, without irrigation, did not exceed 1.0 t·ha−1 in any of the years of the study,
while the irrigation treatment resulted in an average yield of 6.55 t·ha−1, ranging from
5.42 to 8.62 t·ha−1, depending on the growing season and the level of nitrogen fertilization.
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The authors indicate that nitrogen fertigation resulted in a 6% increase in grain yield, but
this result was not statistically significant. Lamm et al. [16] and Papadopoulos [58], found
that using the drip fertigation system, the nitrogen uptake from the liquid form of fertilizer
exceeded 80% compared to conventional soil nitrogen fertilization, where the efficiency of
nitrogen use rarely exceeded 50%, even with a good watering schedule.

The results of our research allow us to conclude that the applied drip irrigation
significantly shaped selected yield indicators, such as the total yield of the fresh mass of
plants and the yield of the fresh mass of grain and cobs in most growing seasons. There are
few reports in the domestic and foreign literature on the effect of drip irrigation on these
indicators and the quality of maize grain yield. Research results that confirm the beneficial
effect of supplementary irrigation on the yield quality and some yield structure elements
of maize cultivated in Central Poland are available [37,40]. Also, in the semi-arid climate
of west-central Nebraska drip irrigation of maize significantly increased the share of cob
weight in total yield, on average by about 8% [12]. In the studies of Dudek et al. [31] drip
irrigation had a positive effect on the improvement of grain quality by 19.4 g, an average
increase of 3.1% of the share of cobs in the total yield of plants and an increase of 10.3%
of the share of grain per cob. Research results by Żarski et al. [52] indicate that selected
indicators of the yield structure of plants cultivated under irrigation were also influenced
by the type of soil. The authors report that the irrigation treatment caused a 16% increase in
the share of cobs in the yield of plants cultivated on very light soil, while a slight decrease
(0.6%) in this indicator was recorded on medium soil.

Dudek and Żarski [37] obtained a significant increase in the thousand-grain weight
under the influence of drip irrigation, averaging 14.7 g, as well as Żarski et al. [52], obtained
improvements in grain size of 36.8 and 85.9 g, respectively, due to the application of the
treatment on light and very light soil. The use of the innovative method of applying
nitrogen in liquid form as fertigation, compared to the traditional broadcasting method, in
research conducted by Żarski et al. [35] resulted in a significant increase in the weight of
1000 grains from fertigated plants but did not bring the expected differentiation of other
yield structure elements. According to a study by Blandino et al. [59] on irrigation and
nitrogen fertigation of maize grown for grain in the Mediterranean area, fertigation did
not affect the number of fully developed cobs and grain but caused a significant increase
(by 6%) in the weight of a thousand grains compared to the control group. The authors
found no interaction between fertigation and drip irrigation. In contrast, Ibrahim et al. [7],
using the deficit irrigation method and nitrogen fertigation in maize cultivation on light
soil, found that there was an interaction between the experimental factors that significantly
increased the maize grain yield, but did not cause changes in the weight of one thousand
grains. Analyzing selected elements of the yield structure in each year of the study, the
authors noted that the interaction, or lack thereof, between drip irrigation and nitrogen
fertigation, could be related to the different course of weather conditions in each season of
plant vegetation. On the other hand, Bibe et al. [60], based on their research, found that the
interaction effect resulting from different levels of drip irrigation and nitrogen fertigation
was insignificant for all maize growth and yield characteristics. In the studies of Dudek
et al. [31], irrigation caused a slight (0.1%) decrease in the total protein content in maize
grain, while Żarski et al. [52] reported that this treatment slightly (by 0.1%) improved the
concentration of this component in the grain of plants grown on medium soil, but decreased
it (by 1.7%) on very light soil. Kresovic et al. [50] found that full coverage of the water needs
of maize resulted in a decrease in protein concentration in the grain, and the highest content
of this component was found in the grain of plants, whose water needs were covered in
75%. Ertek and Kara [61] reached similar conclusions. In contrast, Aydinsakir [62] came to
the opposite conclusion when growing maize in an ecological system, which confirmed
the highest protein content in grain of plants from irrigated facilities, where their water
needs were fully covered. The positive effect of nitrogen fertigation on the protein content
in maize grain was confirmed by Żarski et al. [35]. In the field experiment conducted by the
authors, doubling the dose of nitrogen contributed to the increased concentration of this
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component in dry matter of grains in the fertigated plants, compared to those fertilized by
the traditional method. The results obtained by the authors indicate the possibility of using
nitrogen fertigation in place of traditional fertilization to reduce expenditures and activities
related to the need for additional passages of agricultural machines. Recent studies on the
impact of fertigation on yielding and shaping the quality of maize grain have a dynamic
character, which means they are focused on the ongoing control of macronutrient resources
in the soil [63–70]. In these studies, the following factors are differentiated: treatment
frequency, the size of fertilizer doses and doses of supplemented water, plant development
stages, and the rate of fertilizer release. Coordination of such studies requires the use
of statistical models and the monitoring of macronutrient levels in soil and plant tissues.
This means that new varieties of plants introduced into cultivation, as well as anticipated
changes in climatic and hydrological conditions; require continuous expansion of this
research topic.

According to Rzekanowski et al. [57], the unitary efficiency of irrigation is greater on
poor soils characterized by low water holding capacity, while on soils with a high water
holding capacity, the efficiency is less. The results presented in this paper indicate that
the production effects in maize cultivation depend on the coverage of the water needs of
plants in the period of the greatest water demand, but as stated by Żarski et al. [71] in the
occurrence of agricultural drought in the earlier development phases, the losses are not
compensated for, even if the optimal amount of rainfall occurs in the critical period. In
light of the obtained results, drip irrigation in maize cultivation on light soil should be
considered as a measure to improve the stability of crop yields in the following years, but
not as a treatment that would ensure profitability and return on investment. On the other
hand, the method of nitrogen application in our research significantly improved grain yield
in most growing seasons but did not significantly differentiate the structure and qualitative
features of the yield. The significance of the interaction of irrigation and fertigation in
shaping these features was also not demonstrated. According to Żarski [72], despite the
positive effects of nitrogen fertigation of horticultural plants, the use of this technology in
the cultivation of maize for grain is expensive in our country and is currently difficult to
implement on a practical scale.

Economic analyses based on the current agricultural prices and the expenses of in-
vestment and operation of the drip irrigation system used in maize cultivation in Central
Poland show that this would be economically ineffective [27]. The treatment would be
profitable only with an average multi-year grain yield increments of at least 4.5 t of dry
matter of grain per ha. Such production effects of irrigation in the area are obtained only
in dry seasons, occurring with a frequency of 30% of years. The lack of profitability of
maize irrigation means that in practice it is irrigated very rarely. Drip irrigation can be
considered future-oriented, referred to as production reserves. These reserves can be used
under the circumstances of changes in the economic conditions of irrigation resulting from
the increasing demand for maize grain or climatic conditions. Some predictions relating to
the spring-summer season report are, that higher air temperatures would be beneficial for
crop production in the countries located in the higher latitudes of Europe, where the length
of the growing season is currently a limiting factor, compared to the southern parts [73,74].
Therefore, some crops would probably be moved from hot southern areas to other ones with
lower temperatures [75] where production conditions would be enhanced. This means the
more northern areas could benefit from temperature increases due to climate change [76],
provided the access to irrigation water resources would be available.

5. Conclusions

Maize is a plant of a global cultivation range and great economic importance, which is
mainly due to its high yield potential and versatile use as food, fodder, and energy source.
The main objective of the undertaken research was to evaluate the response of maize
grown for grain to drip irrigation a water-saving and energy-saving irrigation technology.
The aim of the study was also to evaluate the response of maize to fertigation and the
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interaction of drip irrigation and fertigation in shaping the yield of the crop. In Poland,
fertigation is used mainly in fruit and vegetable production. So far, only one case study
has been conducted in maize cultivation with fertigation treatment, however, the expected
significant differentiation of most of the maize features under the influence of the use
of drip nitrogen fertigation was not found on sandy soil. The results presented in the
paper concerning the absolute, relative and unitary average increases in corn grain yields
under the influence of drip irrigation indicate the potential for increasing the productivity
of corn under the condition of optimizing the water factor. Drip irrigation caused a
significant increase in the yield of maize grains of the ‘Smolan’ cultivar. The average yield
increase was 2.35 t·ha−1, and varied depending on rainfall pattern: in the dry season it
was 4.79, and in the wet season 1.03–1.22 t·ha−1. The application of top-dressing nitrogen
fertigation resulted in a significant increase in the yield of maize grain compared to the
traditional method of nitrogen fertilization. Drip irrigation and fertigation are treatments
that, ensuring the stability of maize yield over the years, contribute to an increase in plant
yield by approximately 25% on average, and by more than 80% in dry seasons. It can be
concluded that the water factor plays a significant role in shaping the height, structure, and
quality indicators of maize yield grown for grain in Central Poland.
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1st ed.; Zeleňáková, M., Kubiak-Wójcicka, K., Negm, A.M., Eds.; Springer: Cham, Switzerland, 2021; pp. 379–393. [CrossRef]
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25. Kuśmierek-Tomaszewska, R.; Żarski, J. Assessment of meteorological and agricultural droughts occurrence in central Poland in
1961–2020 as an element of the climatic risk to crop production. Agriculture 2021, 11, 855. [CrossRef]
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32. Treder, W.; Klamkowski, K.; Krzewińska, D.; Tryngiel-Gać, A. The latest trends in irrigation technology—Research related to

irrigation of fruit crops conducted at the research Institute of Pomology and Floriculture in Skierniewice. Infrastr. Ecol. Rural Areas
2009, 6, 95–107.
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39. Podsiadło, C.; Koszański, Z.; Jaroszewska, A.; Kowalewska, R. The effect of drip irrigation on yielding of sweet sorghum and

corn on a light soil Infrastr. Ecol. Rural Areas 2013, 1, 177–186. (In Polish)
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