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Abstract. Maize, one of the most important cereals species
grown in Poland, use large quantities of nitrogen, but water deficit through the vegetation period might lead to yield reduction
and diminish nitrogen uptake. The aim of the study was to characterize the productivity of the crop, depending on its nitrogen
and water use efficiency. In two locations, in Western and Eastern
Poland, eleven-year field experiments with maize grown for grain
were conducted. Maize was fertilized with increasing rates of nitrogen: 50, 100, 150, 200 i 250 kg N ha-1. It was found, that grain
yields of maize raised statistically significant up to 8.03 t ha-1
under 150 kg N ha-1. Such a dose guaranteed: nitrogen uptake
182 kg N ha-1, nitrogen use efficiency 121%, nitrogen surplus
-32 kg N ha-1, water use efficiency 14.5 kg ha-1 mm-1, and nitrogen utilization efficiency 43 kg kg-1. Increasing nitrogen doses
over the years was not justified because maize productivity was
limited by water availability under higher nitrogen rates.
Keywords: Zea mays, nitrogen rates, Nitrogen Use Efficiency
(NUE), Water Use Efficiency (WUE), nitrogen surplus

INTRODUCTION
Maize grown for grain is the third largest cereal crop
species in the world. In Poland, since 1990, the sowing
area has increased 11 times, reaching 645.4 thous. ha in
2018, which accounts for 11% of the total area under cereal crops (GUS, 2019). It should be expected that due to
climate changes, the share of this thermophilic plant in the
cropping patterns will be steadily rising in Poland.
Maize originated from Mexico, and is mainly grown in
warmer temperate regions and humid subtropics (Huang et
al., 2006). It is a C4 plant, which confers potentially more
efficient use of CO2, solar radiation, water and nitrogen in
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photosynthesis than C3 crops. Even though maize is an efficient user of water, it is considered more susceptible to
water stress than other crops because of its floral structure
with separate male and female floral organs and the near-synchronous development of florets on a single ear borne
on each stem (Huang at al., 2006).
Maize productivity is largely dependent on nitrogen
fertilization at rates that satisfy its needs for nitrogen. The
older species, yielding at the level 7.2 t ha-1 needed about
152 kg N ha-1, while the new ones, with 9.0 t ha-1 of grain
increased N uptake to 170 kg N ha-1 (Ciampitti, Vyn, 2012).
According to Bender et al. (2013), at high yields – 14.4
t ha-1, nitrogen uptake by the crop reached 280 kg N ha-1.
In maize, 45–65% of the grain N is provided from preexisting N in the stover before silking, and the remaining
35–55% – from the post-silking nitrogen uptake (Quilleré
et al., 2018).
It has been showed that maize productivity can be maintained under N-low input, nevertheless, high N fertilization
rates have been, and still are, used in most high--yielding
intensive agricultural maize production systems (Hossard
et al., 2016), and in breeding strategies (Bänziger et al.,
2000; Chen et al., 2016). Thus, the issue is of great importance, economic and environmental, in the improvement
of nitrogen use efficiency (NUE) (Ciampitti, Vyn, 2012;
Sharma, Bali, 2018). Due to the fact, that both nitrogen
uptake and NUE are largely influenced by water availability, the efficiency of nitrogen utilization is considered together with the water use efficiency (WUE) (Ashraf et al.,
2016; Kim et al., 2008; Li et al., 2019; Testa et al., 2016).
There was found the “trade-off” relation between NUE
and WUE; while NUE decreases together with nitrogen
rates increase, WUE rises through nitrogen doses. Such
dependences are characteristics for various crops, including maize (Sadras et al., 2012). Enhancement of water and
nitrogen efficiency simultaneously will provide advantages
in crop productivity (Li et al., 2019; Quemada, Gabriel,
2016). It could lead, on a global scale to 10% of water and
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18% of nitrogen savings in maize production (Li et al.,
2019).
The purpose of this paper was to characterize the productivity of maize grown for grain, as well as water and
nitrogen use efficiency of the crop in long – term field experiments.
MATERIALS AND METHODS
Field experiments were carried out at two experimental
stations of the Institute of Soil Science and Plant Cultivation in Poland between 2003–2013. Experiments were located at Baborówko in Western Poland (16o37’ E, 52o37’ N)
and in Grabów (21o39’ E, 51o21’ N) in Eastern Poland on
a sandy loam soil. Maize for grain was grown in the rotation: winter oilseed rape – winter wheat – maize – spring
barley, and was fertilized with five rates of ammonium nitrate: 50, 100, 150, 200 i 250 kg N ha-1. In N150–N250
treatments the first rate of 100 kg N ha-1 was applied after
maize emergence, and the subsequent doses of 50 kg N ha-1
were applied in 14 days intervals. In N50–N100 treatments
the whole dose of fertilizer was applied after emergence.
According to fertilization recommendation ISSPC, P,
K and Mg were applied in the experiments. At both sites
soil shows slightly acid to neutral reaction, low to high
content of potassium, and high to very high content of
phosphorus and magnesium. No manure and other organic
residues were added during the experimental years. In the
period of the investigations, the average annual rainfall in
Baborówko at the vegetation of maize was 320 (189–539)
mm and 371 (248–505) mm in Grabów.
After maize harvest at full maturity, its grain (at 15%
moisture) and straw yields were assessed. The concentration of nitrogen in the principal and in the by-product crop
by Kjeldahl method was determined, and then nitrogen uptake by the crop was calculated.
The following data were used in the paper: grain yield
(Yd), nitrogen rates (F), nitrogen uptake by grain and straw
(Yn), nitrogen use efficiency (NUE), nitrogen surplus (Ns),
water use efficiency (WUE), and efficiency of nitrogen utilization (NutEY).
According to the methodology proposed by EU Nitrogen Experts Panel (EU Nitrogen Expert Panel, 2015; Brentrup, Palliere, 2010; Quemada et al., 2018), the indices
were calculated according to the formulas:
Nitrogen use efficiency:
[1]
NUE = (Yn/F) * 100
Nitrogen surplus:
[2]
Ns = Yn – F
Water use efficiency (Sinclair et al. 1984):
[3]
WUE = Yd/PET
where: PET – potential evapotranspiration calculated by
Thornthwaite and Mather method (1955).
Nitrogen utilization efficiency (Moll et al. 1982):
[4]
NutEY = Yd/Yn

The literature assumes, that NUE characterizes N uptake in its high availability, while NutEY is more important
at low nitrogen availability for crops (Moll et al., 1982).
The material was processed using multivariate analysis
of variance, where the following factors were included: location of the experiment, years of the experiments, and nitrogen rates. The relationship between the mean values Yd,
Yn, NUE, Ns, WUE and NutEY obtained from the analysis
of variance and nitrogen rates were assessed using analysis
of regression. These statistics were estimated using Statgraphics 5.0 package.
RESULTS AND DISCUSSION
The yields of maize in the experimental stations oscillated within 1.22–15.8 t ha-1, with the mean of 7.59 t ha-1.
There were significant statistical differences among yields
and among the other analyzed parameters (Table 1).
The average yields achieved in the experiments were
lower than grain yields of maize obtained globally, which
amounted to 8.3 t ha-1, but were within the range of
8.3±3.7 t ha-1 (Li et al., 2019). The nitrogen uptake (Yn)
was high in relation to the yield, and comparable to that of
the new varieties of maize which gave 9.0 t ha-1 grain yield.
NUE was over the desired value 50–90% which means
an excessive depletion of nitrogen from soil by the crop
(EU Nitrogen Expert Panel, 2015; Quemada et al., 2018).
The negative value of nitrogen surplus (Ns) indicates that
maize derived from soil reserves from 13 to 28 kg N ha-1.
Nitrogen soil mining in the long term may lead to the deterioration of soil fertility. In Baborówko, WUE achieved
14.7 kg mm-1, close to the value recorded for maize cultivated without irrigation under fertilization of 120 kg N ha-1.
The lowered WUE, and, consequently, Yd and NutEY,
in Grabów, may be the result of potassium deficiency in
the soils of this experimental station (Rutkowska et al.,
2014).
There was a variability and statistical differences for
the tested characteristics across the years of the experiments (Table 2).
Experimental yields (Yd) ranged from 1.84 to 11.61 t ha-1.
In 2011, when the optimal conditions for growth of maize
occurred, maximal yield 11.6 t ha-1 of grain was obtained,
assured by nitrogen uptake of 227 kg N ha-1 (EU Nitrogen
Expert Panel, 2015). NUE was excessively high, which
resulted from the uptake of 77 kg N ha-1 from N stocks
by maize. Similarly, this year, the highest value of WUE
was recorded, amounting to 21 kg ha-1 mm-1 and, NutEY
reached 51.9 kg kg-1.
Analysis of the variance of the third factor (N doses),
showed that all of the variables depended significantly on
the nitrogen fertilization. Grain yields increased through
the nitrogen rates (Fig. 1), however the statistically significant increase was proven up to 150 kg N ha-1, which provided the grain yield of 8.03 t ha-1.
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Table 1. Table of means with confidence intervals for the first factor (locations of the experiments; n = 110 for each location).
Yd
t ha-1
7.07
8.11
0.21

Location
Grabów
Baborówko
HSD (0.05)

Yn
kg ha-1
163
178
5.25

NUE
%
135
141
5.19

Ns
kg ha-1
-28
-13
5.25

WUE
kg ha-1 mm-1
12.7
14.7
0.380

NutEY
kg kg-1
42.7
45.3
1.05

Table 2. Table of means with confidence intervals for the second factor (nitrogen rates; n = 20 for each year).
Yd
t ha-1
1.84
4.51
6.89
7.28
7.46
7.53
7.54
8.76
8.81
11.24
11.61
0.824

Year
2006
2003
2005
2004
2010
2013
2008
2007
2012
2009
2011
HSD (0.05)

Yn
kg ha-1
105
128
157
159
192
172
159
201
188
192
227
20.4

NUE
%
85
107
129
135
159
134
128
160
147
148
184
20.2

WUE
kg ha-1 mm-1
3.6
7.9
12.3
13.4
13.4
13.5
13.6
15.5
15.8
20.4
21.0
1.47

NutEY
kg kg-1
22.6
33.5
45.5
46.0
39.5
44.2
48.9
44.6
47.9
59.6
51.9
4.07

210

9

190

8

170

7

Yn

Yd

Ns
kg ha-1
45
22
-7
-9
-42
-22
-9
-51
-38
-42
-77
20.4
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6
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Yd = 9.03 - 158.32/F; R2 = 99.9%, n = 5

Yn = (15,03 - 222,2/F)^2; R2 = 99,8%, n = 5

Figure 1. Relationship between grain yields (Yd, t ha-1) and nitrogen rates (F, kg ha-1).

Figure 2. Relationship between nitrogen uptake (Yn, kg ha-1) and
nitrogen rates (F, kg ha-1).

Nitrogen uptake (Yn) by maize grew together with N doses
(Fig. 2). The increase was statistically significant up to the
dose of 200 kg N ha-1, which corresponded with Yn equal
to 196 kg N ha-1.
NUE dropped systematically with N doses and at
250 kg N ha-1 reached the value 80% (Fig. 3). It was the
only value which fell within the desired range of 50–
90%, resulting in the acceptable nitrogen surplus Ns =
51 kg N ha-1 (Ns < 80 kg N ha-1) (EU Nitrogen Expert Panel, 2015).

The negative nitrogen surplus (Ns) found up to the rate
150 kg N ha-1, indicates the necessity of soil nitrogen utilization by maize at N fertilization below this level. In the
experiment, the fertilizer requirements for nitrogen was satisfied with 200 and 250 N ha-1 doses exclusively (Fig. 4).
WUE grew statistically significant to the rate of
150 kg N ha-1 when reached the value of 14.1 kg mm-1.
Further increasing of nitrogen doses resulted in negligible
growth of the parameter (Fig. 5). It suggests that water use
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Figure 3. Relationships between nitrogen use efficiency and
(NUE, %) and nitrogen rates (F, kg ha-1).

Figure 4. Relationship between nitrogen surplus (Ns, kg ha-1) and
nitrogen rates (F, kg ha-1).
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Figure 5. Relationship between WUE (kg ha-1mm-1) and nitrogen
rates (kg ha-1).

Figure 6. Relationship between nitrogen utilization efficiency
(NutEY, kg kg-1) and nitrogen rates (F, kg ha-1).
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efficiency for maize might be limited by a shortage of water in the range of 200–250 kg N ha-1.
Nitrogen utilization efficiency dropped systematically
through nitrogen rates up to 200 kg N ha-1, reaching the
value of 40.7 kg kg-1 (Fig. 6).
A trade-off relationship was found between NUE and
WUE in the experiments – NUE decreases, while WUE
grows with increasing nitrogen rates. The relationship allowed to state, that in the desirable range of NUE 50–90%
(EU Nitrogen Expert Panel, 2015), WUE values will be
within in the narrow range of 14.9–15.7 kg ha-1 mm-1
(Fig. 7).
Analysis of the results obtained leads to the conclusion that, based on the values of the NUE and WUE for
the long term period, the optimal nitrogen rate should
amount to 150 kg N ha-1. Such a rate ensured the highest
significant yields, N uptake and N efficiency in another
analyzed experimental series with maize (Rutkowska et
al., 2014). In favorable conditions (precipitation 479 mm
during the growing season) the rate of 150 kg N ha-1 ensured obtaining the maximum grain yield of 15.2 t ha-1 un-
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Figure 7. Relationship between nitrogen use efficiency (NUE, %)
and water use efficiency (WUE, kg ha-1 mm-1).

der Yn 246 kg ha-1, NUE 164%, Ns -96 kg N ha-1, WUE
27 kg ha-1 mm-1, NutEY 61.8 kg kg-1 and. The obtained
yield was higher than the yield of 14.4 t ha-1 obtained at
280 kg N ha-1 (Bender et al., 2013).
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CONCLUSIONS
Over the recent years, in Poland, drought has been occurring with increasing frequency and field crops have
been exposed to long rainless periods during their vegetation. The prolonged period of water shortage result in yield
reduction and insufficient uptake of nitrogen from mineral
fertilizers causing losses of the nutrient to the environment.
The results of long-term field experiments with maize,
grown in Eastern and Western Poland showed that the
yields of grain raised statistically significant up to 8.03 t ha-1
a nitrogen rate of 150 kg N ha-1. Such a dose guaranteed:
nitrogen uptake of 182 kg N ha-1, NUE 121%, surplus N
-32 kg N ha-1, WUE 14.5 kg ha-1 mm-1, and efficiency of
nitrogen utilization of 43 kg kg-1. Fertilization rate increases were not required over the long term period as water
efficiency increased insignificantly, indicating that water
availability limits maize productivity.
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