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Abstract. Improving Nitrogen Use Efficiency (NUE) in crops of
winter wheat is of interest in Poland, due to their significant share
in the sown area. The aim of this study was, therefore, to de-
termine the relationships between grain (Yd) and N yields (Yn),
NUE, Water Use Efficiency (WUE) depending on N rates (F) and
actual potential evapotranspiration (APET). The study used the
results of field experiments, conducted in the years 2003-2013
in two locations in Poland. In the experiments, wheat was fertil-
ized with doses of 40, 80, 120, 160 and 200 kg N/ha under the
fertilization with P, K, Mg and Ca. It was found that the dose
range of 80 + 40 kg N/ha allowed to obtain Yd of 5.34 + 1.43 t/ha
and NUE values of 116 + 17%, which brought the risk of soil
N mining. Increasing N doses (160 + 40 kg/ha) increased Yd
(6.08 £ 0.71 t/ha) and allowed for obtaining the desired values of
NUE (73 +£5%),Yn (119 + 18 kg/ha) and N surplus (43 + 13 kg/ha).
The performed statistical analysis showed that Yd, Yn and WUE
had grown with increasing doses of N under the influence of
water shortages in the range of APET less than 398 mm. Under
these conditions positive interaction between Yd, Yn, WUE de-
pending on F and APET has been demonstrated. Only for a dose
of 200 kg N/ha were found negative interactions between Yd,
WUE on F and APET. NUE decreased with increasing N doses.
The relationship between NUE and WUE was positive but spe-
cific for N doses due to the statistically significant interaction of
FXWUE. The maximum value of WUE obtained in the experi-
ments was 26 kg grain/ha/mm. In the absence of limiting fac-
tors WUE increased linearly together with growing NUE up to
the value of 93.9% and then linearly decreased. In the range of
the desired NUE values (50-90%), WUE values were between
16,4-23,5 kg grain/ha/mm.
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INTRODUCTION

In Poland, the value of NUE for basic cereals, estimat-
ed on the basis of data from public statistics, ranged from
50 to 70% (Faber et al., 2016a). These values fall within
the range of 50-90%, recently assumed as desirable (Oene-
ma, 2015; EUNEP, 2015). Since winter wheat accounts for
the largest amount (13.7%) of Poland’s total cropland, the
possibilities for improving the NUE of individual winter
wheat crops, which, according to statistical data, amount
to 65% (Faber et al., 2016a), are a subject of interest. Ho-
wever, other research shows that in 50% of farms growing
winter wheat in Poland NUE was higher than 90%, which
means the risk of N soil mining (Faber et al., 2016b). Re-
ducing this risk was possible by increasing N doses. It was
achieved in 37% of the total farms where nitrogen was
applied at the rates of 144 + 18 kg N/ha, which allowed
for obtaining the desired NUE value (50-90%), nitrogen
yields (>80 kg N/ha) and nitrogen surplus (<80 kg N/ha)
(Faber et al., 2016b). This improvement was accompanied
by grain yields of 5.5 t/ha both under extensive and inten-
sive fertilization, which indicated that they were limited
by factors other than nitrogen (Faber et al., 2016b). These
factors could be numerous but the work has focused on the
influence of water shortage, which is increasingly present
in Poland (Doroszewski et al., 2014).

A number of interactions between NUE and WUE have
been identified, ranging in scale from the leaf to the field
crop (Garnett, Rebetzke, 2013). WUE and NUE of crops
vary greatly among crop production systems, region and
management (Qin, 2015). The modelling analyses show
the high degree of seasonal variability in yield, WUE and
NUE of wheat, depending on soil type, N fertilizer input,
rainfall amount and rainfall distribution (Asseng et al.,
2001). However, WUE for grain production can be an im-
portant parameter defining the productivity of crops in wa-
ter-limited environments (Asseng et al., 2001; Angus et al.,
2001). So far, WUE and NUE and their relationships have



A. Faber et al. — Analysis of water and nitrogen use efficiency in winter wheat grown under mildly dry conditions 27

been quantified in a limited number of studies (Asseng et
al., 2001; Sadras, Angus, 2006; Sadras, Rodriguez, 2010,
Cossani et al., 2012; Qin, 2015).

In this work, data from field experiments with winter
wheat was tested. On its basis, grain yield (Yd), N yield
(Yn), NUE, N surplus (Nb), the actual potential evapotran-
spiration (APET) and water use efficiency (WUE) were as-
sessed. The listed assessments were used for estimating the
effects of nitrogen fertilization (F) for the entire data set
and the subsets with different ranges of NUE values. Also,
the relationships between Yd, Yn, NUE, WUE and APET
for N doses were determined.

MATERIALS AND METHODS

Experiments

Field experiments were carried out at two experimental
stations of the Institute of Soil Science and Plant Cultiva-
tion (ISSPC) in Poland between 2003 and 2013. Experi-
ments were located at Baborowko in West Poland (19°12° E,
52°01° N) on the sandy loam and at Grabow in Eastern Po-
land (19°37” E, 52°37° N) on a heterogeneous sandy loam.
In two factorial experiments, four crops were grown each
year in the rotation of winter oilseed rape—winter wheat—
maize—spring barley. The first factor was P, K, Mg, Ca
fertilization in plus or minus variants, and the second one
were six levels of N fertilizers applied in split doses. For
almost 30 years, no manure was applied to the experimen-
tal field. The data included treatments with the P, K, Ca,
Mg fertilization and rates of nitrogen at 40, 80, 120, 160
and 200 kg N/ha (11 years x 5 N rates x 2 replications x
2 locations = 220). In total, 220 results of yield and N con-
tents were taken into consideration.

Rainfall

Both experimental stations are located in the cold
temperate dry climate zone (IPCC, 2006). Average an-
nual rainfall at Baborowko was 483 mm (313-621 mm)
and at Grabow 559 mm (387-722 mm) in the period of
investigations. Seasonal rainfalls (March — July) in both
locations were 245 mm (165-393 mm) and 277 mm (159—
387 mm), respectively. The rarity of drought has been char-
acterized for a period of thirty years using the Standard-
ized Precipitation Index (SPI) (WMO, 2012). The index
was calculated for the period of 12 months of the year with
the program SPI SL. 6 (NDMC). SPI indices for annual
rainfall for over three decades are shown in Figure 1. The
SPI are standardized so they have a normal statistical dis-
tribution. Using this distribution and the data presented in
Figure 1 it was found that in both locations SPI indicated
mild dryness (-0.44) in 33%, moderate dryness (-1.30) in
10%, severe dryness (-1.67) in 5% and extreme dryness
(<-2.00) in 2.5% of the time. Categories of droughts were
adopted from the publication by McKee et al. (1993). Fig-
ure 1 showed that the drought in the period 2003-2013 was
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Fig. 1. The Standarized Precipitation Index for 12 month rain-
fall totals in 1986-2015 (Baborowko — blue, Grabow — black;
Dryness categories acc. McKee et al. (1993).: 1 — mild dry-
ness (0 to -0.99), 2 — moderate dryness (-1 to -1.49), 3 —seve-
re dryness (-1.5 to -1.99) and extreme dryness (<-2.0)

the deepest during the three decades. In this period, SPI
were -0.65 for Baborowko and -0.88 for Grabow in 33% of
the time. This means that the rainfall during this period can
be considered as causing mild dryness (0 to -0.99) accord-
ing to McKee et al. (1993) dryness categories.

Statistical analysis

On the basis of grain yields (t/ha, moisture 15%) and
the applied nitrogen rates (F, kg N/ha), the characteristics
useful for the evaluation of the efficiency of N fertilization
were assessed according to the methodology proposed by
EU Nitrogen Expert Panel (Oenema, 2015, EUNEP, 2015)
NUE (%) was assessed by the formula:

NUE = (Yn/F) - 100 [1]
where: Yn (kg N/ha) — nitrogen yield (= N uptaken by gra-
ins = N output), F (kg N/ha) — a dose of N. Thus defined
NUE is usually interpreted as the efficiency of N uptake
by a plant.

Nitrogen yield Yn (kg N/ha) was assessed according to
the formula:

Yn = grain yield - N content in grains [2]

N balance (Nb; = N surplus, kg N/ha) was assessed ac-
cording to the formula:

Nb=F—-Yn [3]

Nb remains in the direct relationship with NUE and Yn
according to the formula:

Nb=Yn - (1/NUE-1) [4]

Nb is usually interpreted as a partial N balance. In the
crops located on arable lands, 80-100% of Nb may leach
into waters (Billen et al., 2014).

Monthly potential evapotranspiration (PET) adjusted
for temperatures was estimated according to Thornthwaite
and Mather method (1955). Monthly APET was estima-
ted from annual soil-water budget (Thornthwaite, Mather,
1957) assumes decreasing availability of soil moisture (Ma-
ther, 1974, curve C, WATBUG default). Practically, APET
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= PET when precipitation (P) minus run-off (Ro) > PET.
In dry months, when P — Ro < PET, the precipitation is no
longer able to meet the evapotranspiration demand. The-
refore, the unmet amount of water required by the evapo-
transpiration demand is progressively taken from the soil
moisture storage until it is completely depleted. Hence,
even if there is not enough precipitation, the APET can still
approach the PET when there is still enough water within
the soil moisture storage.

WUE was defined as:

WUE =Yd/APET
where: Yd — grain yield (kg/ha), APET — actual evapotran-
spiration (mm).

Variability of Yd, F, Yn, NUE, Nb, APET and WUE in
the entire set of data was characterized by medians (Me),
median absolute deviation (MAD) as well as by minimal
and maximal values.

The evaluation of F impact on NUE value was analyzed
in 4 subsets of data (Oenema, 2015, EUNEP, 2015):

NUE > 90% (risk of soil mining) (E1),

— NUE 50-90%, Yn < 80 kg N/ha/yr (risk of Yn limita-
tion) (E2),
— NUE 50-90%, Yn > 80 kg N/ha/yr, Nb <80 kg N/ha/yr

(desirable range for NUE, Yn and Nb) (E3),

— NUE < 50% (risk of inefficient N use) (E4).

Variability of Yd, F, Yn, NUE, Nb, APET and WUE
in these data subsets was characterized in the manner pre-
viously described using Statgraphics statistical package.
The relationships between Yd, Yn, NUE, WUE and APET
on N doses were fitted to a linear-plateau functions using
SegReg software. These function were used to derive three
parameters: the maximum value of parameter, the APET

break point (APET BPx) when the parameter reaches its
maximum and the rate of the parameter response in the li-
near phase (i.e. AYd/AAPET). The piecewise linear regres-
sion between WUE and NUE was calculated by SegReg
software.

RESULTS

The tested variables were characterized by skewed
statistical distributions, hence their values and variability
were characterized with medians (Me), MAD and the mi-
nimal and maximal values.

Experimental yields oscillated within 1.34-9.66 t/ha
with the median of 4.70 t/ha and MAD of 1.45 t/ha (4,70
+ 1.45 t/ha) (Table 1). The estimated values of Yn, NUE,
Nb, APET and WUE fell into fairly wide ranges (Table 1).
NUE ranged within 31-243% (77 = 23%). The Yn median
(82 £+ 24 kg N/ha) was close to the value indicating the risk
of Yn limitation. It suggests the activity of factors limiting
N uptake during the experiments.

The assessment of the effects of fertilization on NUE,
Yd and Nb allowed for designating four subsets (E1-E4)
from the entire set of data.

Subset El included fertilization combinations 80
+40 kg N/ha, for which NUE was higher than 90% (Table
2). These fertilization rates assured Yn (81 £ 27 kg N/ha),
as to the value close to the proposed value causing risk of
Yn limitation. The values of NUE> 90% due to too low N
rates could result in excessive depletion of nitrogen from
the soils (the risk of N mining).

The NUE of subset E2 fell within the desired range
(50-90%), but its Yn was too low (<80 kg N/ha) (Table 3).

Table 1. Grain yields (Yd), nitrogen yields (Yn), nitrogen rates (F), nitrogen use efficiency (NUE), nitrogen balance (Nb), actual poten-
tial evapotranspiration (APET) and water use efficiency (WUE) in the experimental crops of winter wheat (n=220).

Statistics Yd F Yn NUE Nb APET WUE
t/ha kg/ha kg/ha % kg/ha mm kg/ha/mm
Median 4.70 120 82 77 29 357 13
MAD 1.45 40 24 23 33 32 3
Minimum 1.34 40 20 31 -57 265 5
Maximum 9.66 200 196 243 138 515 26

n — number of data

Table 2. Grain yields (Yd), nitrogen yields (Yn), nitrogen rates (F), nitrogen use efficiency (NUE), nitrogen balance (Nb), actual poten-
tial evapotranspiration (APET) and water use efficiency (WUE) in the data set with NUE > 90% (E1; n=82)

Statistics Yd F Yn NUE Nb APET WUE
t/ha kg/ha kg/ha % kg/ha mm kg/ha/mm
Median 5.34 80 81 116 -11 363 13
MAD 1.43 40 27 17 12 20 3
Minimum 1.74 40 36 91 -57 269 6
Maximum 9.66 200 196 243 15 515 26
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Table 3. Grain yields (Yd), nitrogen yields (Yn), nitrogen rates (F), nitrogen use efficiency (NUE), nitrogen balance (Nb),
actual potential evapotranspiration (APET) and water use efficiency (WUE) in the data set with the desired NUE (50-90%) but

Yn < 80 kg N/ha (E2; n=32)

Statistics Yd F Yn NUE Nb APET WUE
t/ha kg/ha kg/ha % kg/ha mm kg/ha/mm
Median 3.04 80 61 65 24 293 10
MAD 0.52 20 12 10 12 18 2
Minimum 1.34 40 20 50 8 269 5
Maximum 5.31 120 79 90 59 382 15

Table 4. Grain yields (Yd), nitrogen yields (Yn), nitrogen rates (F), nitrogen use efficiency (NUE), nitrogen balance (Nb), actual poten-
tial evapotranspiration (APET) and water use efficiency (WUE) in the data set with the desired NUE (50-90%), Yn > 80 kg N/ha,

and Nb < 80 kg N/ha (E3; n=63)

Statistics Yd F Yn NUE Nb APET WUE
t/ha kg/ha kg/ha % kg/ha mm kg/ha/mm
Median 6.08 160 119 73 43 363 16
MAD 0.71 40 18 5 13 14 2
Minimum 3.48 120 81 52 15 269 9
Maximum 8.12 200 161 87 77 515 24

Table 5. Grain yields (Yd), nitrogen yields (Yn), nitrogen rates (F), nitrogen use efficiency (NUE), nitrogen balance (Nb), actual poten-
tial evapotranspiration (APET) and water use efficiency (WUE) in the data set with NUE < 50% (E4; n=38)

Statistics Yd F Yn NUE Nb APET WUE
t/ha kg/ha kg/ha % kg/ha mm kg/ha/mm
Median 3.21 160 66 40 100 293 11
MAD 0.45 40 8 4 23 17 1
Minimum 1.99 80 33 31 44 269 7
Maximum 5.21 200 97 48 138 363 16

A comparison of the data provided in Tables 2 and 3 in-
dicates that decrease of Yn and Yd in E2 subset may be at-
tributed to drought, as evidenced by lower values of APET
and WUE. They limited Yd (by 43%) to a greater extent
than Yn (by 25%) compared with E1 subset.

E3 subset included fertilizer combinations of N doses
two-fold higher (160+40 kg N/ha) than E1 subset (Table
4). Such an increase of doses ensured the desired values of
NUE (50-90%), Yn (>80 kg N/ha) and Nb (<80 kg N/ha).
They were achieved under similar characteristics of APET
and higher WUE in comparison with E1 subset (Table 4
and 2).

The deterioration in the water availability in E4 sub-
set (APET 293+17 mm), caused that under the same fer-
tilization rate (160 + 40 kg N/ha), Yd decreased by 47%,
Yn — by 45%, NUE — by 45%, WUE — by 31%, while Nb
increased by 2.3 times (Table 5), as compared to E3 (APET
363 + 14 mm).

The linear-plateau models showing relationships be-
tween Yd, Yn, NUE, WUE and APET depending on N
doses were statistically significant. These relationships

were estimated separately for each N dose using all data
(n=44).

Across nitrogen supplies, maximum Yd’s ranged from
4.20to 7.03 t/ha at APET BPx ranging from 362 to 397 mm
(Table 6). The values AYd/AAPET reached a maximum
43.4 kg grain/ha/mm at a dose of N 160 kg N/ha and then
decreased to 31.7 kg grain/ha/mm for rate 200 kg N/ha.
Increments of AYd/AAPET in doses ranging from 40 to
160 kg N/ha indicate positive interaction between these
doses and APET. The decrease in the value of the slope
parameter for a dose of 200 kg N/ha indicates negative in-
teraction between F and APET compared to doses in the
range of 80—-160 kg N/ha.

The maximum Yn’s varied in range of 63 to 146 kg N/ha
at APET BPx of 390-396 mm and systematic increase of
AYn/AAPET in the range of 0.266—0.691 kg N/ha/mm (Ta-
ble 7). Interactions between Yn depending on F and APET
were positive in the range of 40 to 200 kg N/ha.

NUE reaches the maximum value from 73 to 158% at
390-398 APET and drops systematically ANUE/AAPET
with the N doses in the range of 0.665 to 0.345%/ha/mm
(Table 8).
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Table 6. Parameters of the linear-plateau model relating grain
yield (Yd) and actual evapotranspiration (APET) as affected
by nitrogen supply. APET BPx is the threshold actual eva-
potranspiration after which yield does not respond to APET,
AYd/AAPET is the slope of the linear phase of the model,
and Yd max is maximum grain yield (n=44 for each dose;
r?=42.6-66.3)

Table 9. Parameters of the linear-plateau model relating WUE
and actual evapotranspiration (APET) as affected by nitrogen
supply. APET BPx is the threshold actual evapotranspiration
after which WUE does not respond to APET, AWUE/AAPET
is the slope of the linear phase of the model, and WUE max
is maximum Water Use Efficiency (n=44 for each dose;
2 =25.7-35.4)

F APET BPx AYd/AAPET Yd max F APET BPx AWUE/AAPET WUE max
(kg N/ha) (mm) (kg grain/ha/mm) (t/ha) (kg N/ha) (mm) (kg grain/ha/mm) (kg grain/ha/mm)
40 362 27.7 4.20 40 360 0.0390 10.7
80 360 375 5.47 80 355 0.0641 14.2
120 360 39.6 5.98 120 345 0.0781 15.5
160 357 434 6.35 160 345 0.0797 16.3
200 397 31.7 7.03 200 345 0.0614 16.3

Table 7. Parameters of the linear-plateau model relating nitrogen
yield (Yn) and actual evapotranspiration (APET) as affected
by nitrogen supply. APET BPx is the threshold actual evapo-
transpiration after which N yield does not respond to APET,
AYn/AAPET is the slope of the linear phase of the model,
and Yn max is maximum nitrogen yield (n=44 for each dose;
2 =44.7-51.0)

F APET BPx AYn/AAPET Yn max
(kg N/ha) (mm) (kg N/ha/mm) (kg N/ha)
40 392 0.266 63
80 394 0.387 94
120 396 0.515 118
160 390 0.590 131
200 390 0.691 146

Table 8. Parameters of the linear-plateau model relating NUE
and actual evapotranspiration (APET) as affected by nitrogen
supply. APET BPx is the threshold actual evapotranspiration
after which NUE does not respond to APET, ANUE/AAPET
is the slope of the linear phase of the model, and NUE max
is maximum Nitrogen Use Efficiency (n=44 for each dose;
r’=45.1-51.1)

F APET BPx ANUE/AAPET NUE max
(kg N/ha) (mm) (%/ha/mm) (%)
40 398 0.665 158
80 394 0.480 118
120 397 0.429 98
160 390 0.367 83
200 390 0.345 73

Estimates obtained for WUE indicate that the ma-
ximum value of the parameter to rise to a value of
16.3 kg grain/ha/mm is 160 kg N/ha (Table. 9). Increasing
the N dose to 200 kg N/ha did not result in a further in-
crease in WUE. Similarly, up to dose of 160 kg N/ha was
observed a growth in AWUE/AAPET up to a value of
0.0797 kg grain/ha/ mm. Increasing the dose to 200 kg N/ha
reduced the AWUE/AAPET. Thus, in the range of 40 to

160 kg N/ha positive interaction was found between WUE
depending on F and APET. The interaction was negative
at a dose of 200 kg N/ha relative to doses between 80 and
160 kg N/ha.

The data presented indicate that in the period of the
experiments, water availability (APET <360 mm) limited
AWUE/AAPET and maximum WUE at doses greater than
160 kg N/ha. It is commonly known that there is a trade-
off relationship between NUE and WUE and F. NUE de-
creases, while WUE grows with increasing N doses (Fig.
2). The figure showing the maximum values of NUE and
WUE (Table 8 and 9) suggests that under F = 75 kg N/ha,
the curves of NUE and WUE intersected in a point with
the lowest trade-off with NUE value = 118% and WUE =
13.5 kg/ha/mm. It was the point of the most efficient, si-
multaneous use of water and nitrogen. Increasing F to
160 kg N/ha in order to reduce the risk of N soil mining
allowed for obtaining maximum NUE = 81% with maxi-
mum WUE rising to the value of 16.3 kg/ha/mm. Further
increasing the N dosedid not affect the maximum WUE.

NUE WUE
173 F T T T T T4 18 Variables
F o NUE
L o ¥ WUE
153 - x X 16
[ X
133
. : 14
M3
93 _ o 12
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13k . . . . 10
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Fig. 2. The maximum values of NUE (%) and WUE (kg/ha/mm)
depending on N doses (F, kg N/ha) from the linear phase of
the linear-plateau model relating these parameters and actual
evapotranspiration (APET).
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Fig. 3. Nitrogen use efficiency (NUE, %) versus water use efficiency
(WUE, kg grain/ha/mm) on nitrogen dose levels (kg N/ha) (1> = 97.2
—-98.0)

In considering the possibility of simultaneous optimization of
NUE and WUE it is necessary to know the interaction between
these variables. Positive relationships between NUE and WUE
were found for the data set with APET range smaller than 400 mm
(Fig. 3). As previously stated, in this range water shortages af-
fect the value of Yd, Yn, NUE and WUE (Tables 6 to 9). Regres-
sions were estimated separately for each N dose, because there
was a statistically significant interaction between WUE and F. The
presented data show that the dose of 160 kg N/ha can provide
for NUE 50% and 90% achievement of WUE, which is 12 and
21 kg grain/ha/mm, respectively. Estimation is given for the hi-
ghest F dose that provides a positive interaction between the N
and APET (Tables 6 and 9).

In the analyzed experiments NUE and WUE depend not only
on APET and F, but also on the effects of other factors. In order to

WUE

30,04

20.0

Fig. 4. The relationship between WUE (kg/ha/mm) and NUE (%) for up-
per boundary line data (n=31, r=84,1%)

eliminate their limiting effects, the data lying in the
vicinity of upper boundary line were selected on the
basis of WUE= f (NUE) relationship. The piecewise
linear regression with the optimal breakpoint was
assessed for these data (Fig. 3).

The breakpoint (BPx) had NUE value amounting
to 93,9%. The linear regression for NUE < 93,9%
showed that for NUE of 50 and 90%, WUE will
amount to 16,4 and 23,5 kg grain/ha/mm, respec-
tively. The increase of NUE above the value of
NUE=93,9 will cause the decrease of WUE.

DISCUSSION

Water and nitrogen availability remain, globally,
the most limiting crop growth factors. Improve-
ments of WUE and NUE in crop production are
crucial for maintaining food security (Mueller et
al., 2012), mitigation of environmental degradation
(Sutton, Bleeker, 2013) and climate change (Broud-
er, Volenec, 2008). Mueller et al. (2012) estimated
that global wheat production may be increased by
71% following improvements in water and N man-
agement.

WUE of wheat has been reported to be variable
(Zwartetal.,2010). Theaveragevaluewas 10kggrain/
ha/mm for main wheat producers. The highest coun-
try average values of 14.2 and 13.5 kg grain/ha/mm
were assessed for France and Germany. WUE
identified in our study were in the range of 5 to
26 kg grain/ha/mm with a median of 13 kg grain‘ha/mm
(Table 1). The estimated median was therefore lo-
wer than the average WUE found in Germany.

NUE in Europe had a slightly upward trend in
recent years (Lassaletta et al., 2014), which was an
effect of environmental regulations and improved
N management. According to the authors cited, the
average NUE for crop production in Poland amoun-
ted to 43.2% (1960-1980) and increased to 52.7%
(1990-2009). Recent studies have shown that win-
ter wheat grown in farms in Poland was characteri-
zed by a median NUE of 89% (Faber et al., 2016b).
The median NUE found in this study was 77% (31—
243%) (Table 1). A large variability in NUE was an
effect a large seasonal variation in yield response
(1.34 to 9.66 t/ha) to water and N supply.

The relationships between Yd, Yn, NUE, WUE
and APET, fitted to a linear-plateau function, sho-
wed that the analyzed parameters were limited by
APET up to 345-398 mm depending on a parameter
and N doses (Tables 6-9). This indicated that during
the study water shortages have occurred, that affec-
ted the magnitude of the analyzed parameters and
the interaction between APET and F. Limitation of
maximum yield of wheat for evapotranspiration of
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214 to 483 mm, depending on the dose range of 50-250
N in kg/ha, also has been found in other studies (Sadras,
Rodriguez, 2010).

The maximum water-limited grain yield in studies was
7.03 t/ha at a dose of 200 kg N/ha (Table 6). It was gre-
ater than the yield of 6.5 t/ha, which was established as
the water-limited yield for Central Europe (Rabbinge, van
Diepen, 2000). Values AYd/AAPET indicated that the inte-
raction between the grain yield and APET was positive at
doses ranging from 40 to 160 kg N/ha (Table 6). Positive
interactions suggest that increasing both water and N avail-
ability increases yield more than increasing water input or
N input alone (Sadras, 2005; Cossani et al., 2010). Nega-
tive interaction was observed for the dose of 200 kg N/ha
compared to the doses between 80 and 160 kg N/ha. This N
dose probably caused excessive growth of dry mass, cau-
sing water shortages during the generative development of
wheat.

Yields of nitrogen (Yn) increased with N doses and
reached a maximum value of 146 kg N/ha at a dose of
200 kg N/ha (Table 7). Between Yd, APET and F were
found positive interaction over the range of doses studied.

NUE decreased with increasing N application, as
shown many experimental and simulation data (i.e. Asseng
et al., 2001). The desired value of NUE from 83 to 73%
provide doses of 160 and 200 kg N/ha, respectively (Table
8). However, because of the negative interaction between
grain yield, APET and F at a rate of 200 kg N/ha only NUE
83% and the dose of N 160 kg N/ha may be regarded as the
near optimum in conditions of these experiments.

As might be expected on the basis of the yield inte-
ractions (Table 6), WUE grew at a dose range of 40—
160 kg N /ha (Table 9). In this range, the interaction betwe-
en WUE, APET and F were positive. Negative interaction,
as for grain yield, was found at a dose of 200 kg N/ha com-
pared to the doses of 80—160 kg N/ha. These data indicate
that the value Yd and WUE has been limited by a shorta-
ge of water and nitrogen in the range of APET less than
400 mm and N doses in the range of 40—-160 kg N/ha. The
data obtained seem to confirm previous results indicating
that nitrogen fertilization modified grain yield mainly thro-
ugh changes in water use efficiency (Cossani et al., 2012).

Relationships between NUE and WUE at N doses were
in the form of growing linear regression of 1:1 (Fig. 3).
These relationships have shown that it was possible to ob-
tain NUE in the range 80 to 68% for maximum WUE of
15.5 to 16.3 kg grain/ha/mm, respectively. Larger values
of WUE would be possible to obtain for NUE greater than
100% (N soil mining). A similar result was obtained for
wheat fertilization trials carry out in Spain (Quemada, Ga-
briel, 2016).

Simultaneous increase NUE and WUE on the occurren-
ce of water and N shortages is limited to some extent be-
cause of the trade-off between NUE and WUE (Fig. 2). A
trade-off relationship between these parameters also been

found in other studies (Sadras, Angus, 2006; Sadras, Ro-
driguez, 2010). However, in the absence of limiting factors
WUE increased linearly together with increasing NUE up
to the value of 93.9% and then linearly decreased. In the
range of the desired NUE values (50-90%), WUE values
were between 16.4-23.5 kg grain/ha/mm. The upper value
NUE found in this study was close to the maximum value
of 24 kg grain/ha/mm obtained for the current varieties of
wheat in Australia (Sadras, Lawson, 2013). The maximal
water-unit productivity from 20 to 30 kg grain/ha/mm
was obtained for wheat (French, Schultz, 1984; Angus,
van Herwaarden, 2001). This level of productivity can be
achieved only under optimum growth conditions without
disturbances from low soil fertility or weeds and pests
(Turner, 2004; Passioura, 2006). Therefore, there are rea-
sons to believe that it is possible to obtain maximal WUE
when NUE amounts to 90% rounded. This indicates that
the upper value of the desirable range for NUE (50-90%)
was determined properly (Oenema, 2015).

CONCLUSIONS

This study has indicated that grain and nitrogen yields,
WUE and NUE of winter wheat in the cold temperate dry
climate of Poland all vary markedly depending on actual
evapotranspiration and N management. The results suggest
that grain yields and WUE interact positively with actual
evapotranspiration up to 400 mm and with N doses up to
160 kg N/ha. In these ranges of parameters it was possible
to achieve the maximum value: grain yield 6.35 t/ha, WUE
16.3 kg grain/ha/mm and NUE of 83%. Under near optimal
supply of the water and nitrogen maximum values of gra-
in yield, NUE and WUE amounted to 9.66 t/ha, 94% and
23.5 kg grain/ha/mm, respectively.

REFERENCES

Angus J.F., van Herwaarden A.F., 2001. Increasing water use
and water use efficiency in dryland wheat. Agronomy Jour-
nal, 93: 290-298.

Asseng S., Turner N.C., Keating B.A., 2001. Analysis of wa-
ter- and nitrogen-use efficiency of wheat in a Mediterranean
climate. Plant and Soil, 233: 127-143.

Billen G., Lassaletta L., Garnier J., 2014. Some conceptual and
methodological aspects of NUE of agro-food systems. The
note at the attention of the EU N-expert panel. Windsor, Sept
15-16 (manuscript).

Brouder S.M., Volenec J.J., 2008. Impact of climate change on
crop nutrient and water use efficiencies. Physiologia Planta-
rum, 133: 705-724.

Cossani C.M., Slafer G.A., Savin R., 2010. Co-limitation of ni-
trogen and water, and yield and resource-use efficiencies of
wheat and barley. Crop & Pasture Science, 61: 844-851.

Cossani C. M., Slafer G. A., Savin R., 2012. Nitrogen and water
use efficiencies of wheat and barley under a Mediterranean en-
vironment in Catalonia. Field Crops Research, 128: 109-118.



A. Faber et al. — Analysis of water and nitrogen use efficiency in winter wheat grown under mildly dry conditions 33

Doroszewski A., Jozwicki T., Wroblewska E., Kozyra J., 2014.
Agricultural drought in Poland in the years 1961-2010. Insti-
tute of Soil Science and Plant Cultivation — State Research
Institute (in Polish).

EU Nitrogen Expert Panel, 2015. Nitrogen Use Efficiency
(NUE) an indicator for the utilization of nitrogen in food sys-
tems. Wageningen University, Alterra, Wageningen, Nether-
lands.

Faber A., Jarosz Z., Kopinski J., Matyka M., 2016a. The rela-
tionships between nitrogen use efficiency and nitrogen input
in crop production in Poland. Polish Journal of Agronomy,
26: 15-20.

Faber A., Jarosz Z., Jadczyszyn T., 2016b. Nitrogen use effi-
ciency of winter wheat on farms in Poland. Polish Journal of
Agronomy, 26: 26-33.

French R.J., Schultz J.E., 1984. Water use efficiency of wheat
in a Mediterranean-type environment. I. The relation between
yield, water use and climate. Australian Journal of Agricul-
tural Research, 35: 743-764.

Garnett T.P., Rebetzke G.J., 2013. Improving Crop Nitrogen
Use in Dryland Farming: Interactions and Potential Trade-
-offs between Water- and Nutrient-Use Efficiency. In: Ren-
gel Z. (ed.): Improving Water and Nutrient-Use Efficiency in
Food Production Systems. Wiley-Blackwell, pp. 307.

IPCC, 2006. Default climate and soil classifications. In: 2006
IPCC Guidelines for National Greenhouse Gas Inventories.
Ch. 3. Consistent representation of lands.

Lassaletta L., Billen G., Grizzetti B., Anglade J., Garnier J.,
2014. 50 year trends in nitrogen use efficiency of world crop-
ping systems: the relationship between yield and nitrogen in-
put to cropland. Environmental Research Letters 9.

Mather J.R., 1974. Climatology: fundamentals and applications.
New York, McGraw-Hill.

McKee T.B., Doesken N.J., Kleist J., 1993. The relationship of
drought frequency and duration to time scale. In: Proceedings
of the Eighth Conference on Applied Climatology, Anaheim,
California,17-22 January 1993. Boston, American Meteoro-
logical Society: 179-184.

Mueller N.D., Gerber J.S., Johnston M., Ray D.K., Raman-
kutty N., Foley J.A., 2012. Closing yield gaps through nutri-
ent and water management. Nature, 490: 254-257.

Oenema O., 2015. The EU Nitrogen Expert Panel and its indica-
tor for Nitrogen Use Efficiency (NUE). EXPO Milano, Mila-
no 10.09.2015 (http:/fertilizerseurope.com/fileadmin/docu-
ments/1.%20COMMITTEES/COMMUNICATION/EXPO
Milano/EU-NEP-Oenema-EXPO_MILANO_03-09-2015.

pdf).

Received 31 March 2016
Revised 4 August 2016

Passioura J., 2006. Increasing crop productivity when water is
scarce — from breeding to field management. Agricultural
Water Management, 80: 176-196.

Qin W., 2015. Exploring options for improving water and nitro-
gen use efficiency in crop production systems. Thesis. The
C.T. de Wit Graduate School for Production Ecology and Re-
source Conservation. pp. 186.

Quemada M., Gabriel J.L., 2016. Approaches for increasing ni-
trogen and water use efficiency simultaneously. Global Food
Security, 9: 29-35.

Rabbinge R., Van Diepen C.A., 2000. Changes in agriculture
and land use in Europe. European Journal of Agronomy, 13:
85-100.

Sadras V.O., 2005. A quantitative top-down view of interactions
between stresses: theory and analysis of nitrogen—water co-
-limitation in Mediterranean agro-ecosystems. Australian Jo-
urnal of Agricultural Research, 56: 1151-1157.

Sadras V.O., Angus J.F., 2006. Benchmarking water-use effi-
ciency of rainfed wheat in dry environments. Australian Jour-
nal of Agricultural Research 57: 847-856.

Sadras V.O., Rodriguez D., 2010. Modelling the nitrogen-dri-
ven trade-off between nitrogen utilisation efficiency and wa-
ter use efficiency of wheat in eastern Australia. Field Crop
Research, 118:297-305.

Sadras V.O., Lawson C., 2013. Nitrogen and water-use efficien-
cy of Australian wheat varieties released between 1958 and
2007. European Journal of Agronomy, 46: 34-41.

Sutton M. A., Bleeker A., 2013. Environmental science. The sha-
pe of nitrogen to come. Nature 494: 435-437.

The National Drought Mitigation Center (NDMC). Program
to Calculate Standardized Precipitation Index (SPI _SL 6.
exe). Lincoln, NE, USA.

Thornthwaite C.W., Mather J.R., 1955. The water balance. La-
boratory of Climatology Publ. 8, 1 Centerton, NJ.

Thornthwaite C.W., Mather J.R., 1957. Instructions and tables
for computing potential evapotranspiration and the water ba-
lance. Publications in Climatology, 10(3): 183-311. Laborato-
ry of Climatology, Drexel Institute of Technology, Centerton,
New Jersey, USA.

Turner N.C., 2004. Agronomic options for improving rainfall-
-use efficiency of crops in dryland farming systems. Journal
of Experimental Botany 55: 2413-2425.

World Meteorological Organization, 2012. Standardized Preci-
pitation Index. User guide. WMO-No. 1090: pp. 16.

Zwart S.J., Bastiaanssen W.G.M., de Fraiture C., Molden
D.J., 2010. A global benchmark map of water productivity
for rainfed and irrigated wheat. Agricultural Water Manage-
ment 97: 1617-1627.



