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Optimising nitrogen in order to improve the efficiency, eco-physiology,
yield and quality on one cultivar of durum wheat
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Abstract

A 3-year field experiment was carried out in southern Italy to evalu-
ate the effect of different combinations of nitrogen (N) fertiliser rates
(0, 55, 90, 135 kg ha!), time of application (sowing, tillering, stem
elongation) and number of nitrogen applications on durum wheat
(Triticum turgidum L., var. durum). A total of eight different combina-
tions - in terms of quantity and time of application - were arranged in
a randomized complete block design with four replications. Soil plant
analysis development was analysed along with leaf area index, grain
and straw yield, plant height, plant lodging, thousand-kernel weight,
non-vitreous kernels, shrunken and discarded kernels, hectolitre
weight, grain protein content, and sodium dodecylsulfate sedimenta-
tion. Nitrogen contents of soil, grain and straw were measured in order
to assess nitrogen efficiency. The results showed the positive effect of
increased nitrogen dosages of 90 and 135 kg ha!. The optimisation of
nitrogen administration increased by splitting the nitrogen into three
application times, as shown by the eco-physiological, productive and
qualitative parameters, and the nitrogen efficiency parameters meas-
ured (N application efficiency and N recovery fraction).
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Introduction

Durum wheat (Triticum turgidum L. subsp. durum) is the most cul-
tivated autumn-sown crop in southern Italy in rainfed conditions. In
2012 about 1.3 million hectares were sown in Italy, of which approxi-
mately 274,700 ha were in Apulia, one of the southern most important
regions (National Institute of Statistics, 2012). Wheat is primarily cul-
tivated for pasta production and bread, the main foods for the tradi-
tional Italian diet. Although Italy is the largest world producer of durum
wheat, demand outweighs supply, thus medium-high quality grain has
to be imported (Flagella, 2006). Climate, soil type (Karlen et al., 2008)
and agronomic practices are well known to influence grain yield and
quality. Air temperature and seasonal trends during grain filling and
ripening, strongly affect yield and quality (Dalla Marta et al., 2011).

Nitrogen (N) supply in combination with climatic conditions are the
main constraints to the physiological component, yield potential, and
qualitative parameters of wheat (Garabet et al., 1998).

The response of wheat to N fertiliser is influenced by the formula-
tion, fertiliser management, soil property, crop sequence, seasonal
trends, and the supply of residual and mineralised N (Bonciarelli and
Ciriciofolo, 2001; Campbell et al., 1993; Huggins and Pan, 1993; Borghi
et al., 1997; Desiderio et al., 1998).

Lopez-Bellido et al. (2000, 2001, 2012) showed that in
Mediterranean conditions, the application of N during the sowing-
stem elongation period gives the best results in terms of grain yield in
dry years, while the application of nitrogen during tillering-stem elon-
gation results in significant grain yields in wet years. In any case, how
the fertiliser responds depends on the previous crop in the rotation,
and the amount of residual N in the soil at the end of winter. In addi-
tion, water stress during the grain filling period, greatly reduces the N
and dry matter accumulation in durum wheat (Ercoli ef al., 2009).

Fertilisation management in terms of fertiliser rate and application
timing aims to prevent N deficiency in critical periods in terms of yield
and/or protein accumulation so that leaching and gaseous emissions
are minimised. Some studies have shown that, depending on the level
of fertility of the initial soil, split applications of N fertiliser result in
higher rates of plant recovery and higher grain yields than under sin-
gle applications (Mahler et al., 1994; Stockdale et al., 1997; Recous and
Machet, 1998; Borghi, 2000; Blankenau et al., 2002).

The response of nitrogen in terms of time application to the protein
content is rather different. Applying half or one-third of the N rate (150
kg N ha!) at a later stage (boot and head-emergence stage) can sig-
nificantly enhance the amount of all protein fractions (Flagella, 2006;
D’Egidio et al., 2000).

Splitting the amount of N fertiliser also increases the efficiency of
nitrogen use efficiency, with a higher plant recovery of this mineral
and an increase in grain yield and quality, compared to a single appli-
cation (Lopez-Bellido et al., 2012).

To match the nitrogen supply to the crop nitrogen demand, indices
have been exploited to have an indication of chlorophyll content such
as the normalised difference vegetation indices, the measure of
canopy chlorophyll content through changes in reflectance patterns in
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the near-infrared, middle infrared reflectance (Rodriguez et al., 2005),
soil plant analysis development (SPAD) or N testers (Arregui et al.,
2006). Some indices have been developed using thermal images along
with reflectance measurements, such as the canopy chlorophyll content
index. The use of several models of nitrogen turnover in the soil-crop
system has shown that N uptake by the crops and their production of
dry matter were simulated very well in some cases and rather less so in
others (Basso et al., 2009).

Appropriately managing N fertiliser for wheat production in dry
areas is critical in obtaining the maximum economic yield, and for
improving water efficiency. Good nitrogen management also makes
good environmental sense. Excess fertiliser nitrogen applications
increase environmental losses of nitrogen, including nitrate leaching
to groundwater and emissions of nitrous oxide and greenhouse gases.

The objectives of this work were to investigate the effects of differ-
ent nitrogen fertiliser application models on the physiology, productive
and qualitative parameters of durum wheat cultivated in a
Mediterranean climate. We also analysed its efficiency.

Materials and methods

Site

A field experiment was carried out in Gravina in Apulia, southern
Italy (40°53’N, 16°17’E, 456 m asl), for three years (2008-2011) to
investigate the effects of nitrogen levels and time of applications on
growth, yield and grain quality on a variety of durum wheat (7riticum
turgidum L., var. durum). The site is typical of a semi-arid
Mediterranean climate according to de Martonne’s extended classifica-
tion, with an average annual rainfall of 450 mm concentrated mainly
during October-May, and with an average annual temperature of
13.5°C.

The data were obtained from agro-meteorological data provided by
the regional government in Apulia (ASSOCOPUGLIA).

Crop management

The durum wheat cultivar grown was Iride. The cultivar shows an
early cycle and medium-to-low height, and is characterized by high pro-
ductivity and adaptability, while the quality of semolina presents low
content of proteins (CRA-QCE, 2012).

The experiment was performed in the same field every year.
Phosphorus (P) was applied in the form of triple superphosphate (45%
N) at dose of 46 kg ha! of P0s. Potassium (K) supply from the soil was
adequate (674.9 mg kg1). Nitrogen was applied at the rates of: 0, 55,
90 and 135 kg ha™l.

In all the three years, the crop was sown, in the second half of
November, at a seeding rate designed to obtain 400 germinating seeds
m2 (200 kg ha! of seed), using a common seeder 18 cm wide rows.

For weed control, pinoxaden 9.51% (100 gL1), cloquintocet-mexyl
2.38% (25 gL 1), clodinafop-propargyl 9.51% (100 gL-1) were applied at
the end of tillering (0.25 L ha1).

The harvest was carried out at the end of June, using a 1.5 m wide
Wintersteiger plot combine harvester (Wintersteiger Inc., Salt lake
City, UT, USA).

Experimental design

A randomized complete block design was used with four replications.
Each nitrogen treatment involved a combination of three application
times (sowing, tillering and stem elongation) and different doses.

At sowing time 0.0, 18.0 and 40.0 kg ha-! were applied, at tillering
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0.0, 18.5, 37.0, 50.0, 58.5, 72.0, 90.0 and 117.0 kg ha"!, and at the stem
elongation 0.0, 18.5, 36.0 and 58.5 kg ha-!. Ammonium was used dur-
ing sowing, tillering, and ammonium nitrate at the stem elongation. In
total the following eight combinations were compared (the first num-
ber is the dose in kg ha! of nitrogen applied at sowing time, the sec-
ond at tillering, the third at stem elongation): 0-0-0, 18-37-0, 18-18.5-
18.5, 0-90-0, 40-50-0, 18-72-0, 18-36-36, 18-117-0, and 18-58.5-58.5.

The individual gross size of the plot was 72 m? (7.2x10.0 m), where-
as the net harvested size was 36 m? (4.5x8.0 m).

Soil analysis

Before starting the experiment, a soil sampling was effectuated to
evaluate the characteristic of the soil. The soil analysis were effected
according the Italian Regulation (1999), and present the following
results: sand (2>0>0.02 mm) 36.0%, silt 40.1%, clay (@<2 mm) 23.9%;
pH 7.7; total N 1.1 g kg-1, available P,05 (Olsen method) 64.3 mg kg1,
exchangeable K;0 (ammonium acetate method) 674.9 mg kg, organ-
ic matter 2.2%.

Soil nitrogen monitoring

During each year of experiment, soil samples were collected prior to
sowing and after harvesting the wheat from each plot, to a depth of 0-
50 cm.

Ecophysiological determinations

Growth parameters measured included: flag leaf area, heading, dura-
tion of grain filling and plant height (Zadoks et al., 1974).

To evaluate the nutritional status of the plants, non-destructive
determinations during growth were performed: i) leaf greenness deter-
mination using a SPAD-502® chlorophyll meter (Konica Minolta Inc.,
Tokyo, Japan). Readings with the chlorophyll meter were carried out
when the flag leaf stage was just visible (GS-3.7); ii) leaf area index
(LAI) determination of the canopy on cloudless days in the booting
phase (GS 4.0) measured with a Linear PAR Ceptometer (AccuPAR,
Decagon Devices Inc., Pullman, WA, USA).

Yield and qualitative determination

Before harvest, the height, density and plant lodging were recorded.

Number of spikes per m?, total biomass (t ha™!), grain and straw
yield (t ha1) were measured at harvest time.

Harvest index, hectolitre weight (kg/hL), 1000 seed weight (g), non-
vitreous kernels (%), gluten content (Italian Regulation, 1994), sodium
dodecylsulfate  sedimentation (SDS) (ICC 151-International
Association for Cereal Science and Technology) values were deter-
mined for each treatment and replication.

Straw and grain total nitrogen content (Kjeldhal method) was
analysed in accordance with the main objectives of the study.

Nitrogen efficiency

The following N-efficiency parameters were calculated for each
treatment (Lopez-Bellido et al., 2005):
- N utilisation efficiency (NUtE; kg kg™1) - ratio of grain yield to total
plant N uptake;
- N harvest index (NHI; %) - ratio of N in grain to total plant N uptake;
- N physiological efficiency (NPE; kg kg™1) - ratio of (yield at N,-yield
at Ny) to (N uptake at Ny-N uptake at Ny);
- N agronomic efficiency (NAE, kg kg1) - ratio of (yield at Ny-yield at
No) to applied N at Ny
- N apparent recovery fraction (NRF; %) - ratio of (N uptake at N,-N
uptake at Ny) to applied N at N.
OPEN a ACCESS



Statistical analysis

All the data were submitted to analysis of variance (ANOVA), using
a year-combined randomised complete block design (Table 1).
Treatment means were compared using the Student Newman Keuls
test at P<0.05 with CoStat software.

Results

Weather conditions

At the experimental site the rainfall trend varied considerably during
the three-year period (Figure 1). In 2008-2009 there was a total rainfall

of 832 mm, mainly concentrated in November-January, with an high
amount of precipitation during the months of April and May, and with
excess of rain at harvest time (June).

In the second year (2009-2010) the total rainfall was of 713 mm, well
distributed during the wheat-growing period, and with a higher month-
ly value than the pluriannual mean of the area (Figure 1).

The wettest year was 2010-2011 with 869 mm. The amount of precipi-
tation during March and April, caused a high incidence of pathological
problems in the vegetation. On the basis of the pluriannual (means of 30
years) rainfall data, all the three-years were wetter than normal, show-
ing a 15-35% increasing. Mean winter temperature values ranged
between 1.5 and 13.3°C. The minimum winter temperature ranged from
—2.3°C to 6.8°C for the three year, from —2.1 to 5.5°C for 2008-2009, from
—0.3 to 6.8°C for 2009-2010 and from —2.3 to 6.4°C for 2010-2011.

Table 1. Efficiency measurements of nitrogen parameters for durum wheat by year and timing of nitrogen dose.

{!
Year
2009 53.72 86.32 41.8 730 20.8
2010 50.8 84.9> 51.52 1742 35.22
2011 50.0 82.4¢ 46.52 16.42 35.32
N treatment
0-0-0 55.72 86.02
18-37-0 53.82 87.22 55.38 16.2e 29.820
18-18.5-18.5 53.42 85.2 58.62 19.62 37.22
0-90-0 53.82 84.6° 59.22 13.0° 24.3%
40-50-0 50.720 85.00 43.52 7.6¢ 20.7
18-72-0 51.72b 84.90 48.12 13.9° 30.620
18-36-36 51.52 85.6° 45.8 18.82 39.92
18-117-0 48,0 79.64 40.52 11.50 29.520
18-58.5-58.5 49 52 82.8¢ 35.32 12.7° 31.5%
Means 51.5 84.6 46.6 13.7 30.4

N, nitrogen; NutE, N utilisation efficiency; NHI, N harvest index; NPE, N physiological efficiency; NAE, N agronomic efficiency; NRF, N apparent recovery fraction. *>dFor each year and effect, means followed by the

same letter are not significantly different at P<0.05 according to Student Newman Keuls test.
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Figure 1. Monthly and annual rainfall, maximum, minimum and mean temperatures over the 3-year case study.
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During grain filling (April-May), the mean temperature of the three
years was 15.3°C, the minimum reached values between 9.0 and 12.6°C
in 2008-2009, between 6.5 and 13.1°C in 2009-2010, and between 5.2
and 14.5°C for 2010-2011. The maximum temperature during this peri-
od ranged between 16.5 to 29.3°C for 2008-2009, between 19.2 and
25.8°C for 2009-2010, between 15.6 to 26.1°C for 2010-2011.

In total, the 2009-2010 was the most favourable year for cultivation,
which led to a good cultivation and better average grain yield.

Physiological component

The highest SPAD (49.1) and LAl max (6.16) values were measured
in the treatment with the highest amount of nitrogen: 135 kg hal, in
particular when the nitrogen was applied during the vegetative phases
(18-117-0), confirming the findings of other papers (Flagella, 2006).

Other high values were measured when the nitrogen was split into
three administration times (Table 2). Infact the physiological measure-
ments of the crop, when the application was split during the three
phases, confirm the better nutritional status of the cultivation during
the crop cycle (Lopez-Bellido, 2012).

Yield components

The effect of the weather condition on the main yield components
measured was very significant.

The number of heads m2 was significantly higher in the second year
(533 heads m2), compared to the first and third years.

The best yield performance was in 2008-2009 with the highest yield
grain (5.3 t ha'1), thousand seed weight (42.9 g), plant height (86.7
cm) and harvest index (HI) (0.44). As a consequence, there was a neg-
ative effect on the qualitative parameters: grain protein (11.7%), and
SDS (51 mL).

In the second year there was an increase in grain protein and SDS
and a slight decrease in yield (4.6 t ha™!). The grain protein and HI
were the highest (12.2% and 46%); the non-vitreous kernel percentage
was the lowest (37%).

Nitrogen positively affected the heads m2 that significantly increased
in all the treatments (between 454 to 506 heads m2) compared to the

vress

treatment without nitrogen (416 heads m2). Also plant height signifi-
cantly increased with N treatment 0-0-0 (76.2 cm) compared to the other
treatments (values included between 80.9 cm to 83.6 cm).

The highest grain yields (4.8 t ha!) were recorded with nitrogen
doses of 90 (18-36-36) and 135 (18-58.5-58.5) kg ha!, although no sig-
nificant difference was observed for the other treatments (Table 3).

These results confirm the data recorded for the physiological param-
eters, where low applications of nitrogen until stem elongation also
produced the best results in terms of crop development (SPAD-LAI) and
consequent yield.

The best grain yield was recorded with the application of 90 (18-36-
36) and 135 (18-58.5-58.5) kg ha ! applied in the three phases are sup-
ported by the other values such as: heads, respectively 506 and 490 h
m2, thousand seed weight (42.4 g and 42.8 g) and discarded and bro-
ken kernels (1.5% and 1.6%), non vitreous kernels (44.3% and 35.8%),
hectolitre weight (77.9 and 78 kg hL1), grain protein content (12.0 and

Table 2. Soil plant analysis development and leaf area index max
values in the nitrogen treatments.

0-0-0 37.5¢ 3.69¢
18-37-0 43 8abc 51232
18-18.5-18.5 47,920 5.55
0-90-0 43 7ebe 3.97bc
40-50-0 41,50 5.44
18-72-0 47.5% 5.31e
18-36-36 47 52 5.722
18-117-0 49.12 6.162
18-58.5-58.5 47.0ab 5.73
Mean 45.1 5.2

SPAD, soil plant analysis development; LAL leaf area index. **<Data followed by the same letter, in
each column, are not significantly different at P<(0.05 according to the Student Newman Keuls test.

Table 3. Biometric, productive and qualitative results in the wheat affected by different nitrogen applications.

Year
2009 433 86.78 5.3 (.44 42.9 7.0 24 51 77.3b 1.7
2010 511a 81.4 4.6 0.462 41.8 371 1.1 52 7.9 12.22
2011 4610 76.1¢ 2.7¢ 0.462 4120 44,8 2.0 52 80.02 12.020

N treatment
0-0-0 416 76.2b 3.1¢ 0.462> 4.4 76.22 1.8 49be 78.5% 11.2¢
18-37-0 47920 80.92 4,02 0472 42,2 61.120 1.8 49bc 77.38 11.7bc
18-18.5-18.5 4662 81.52 4.3 (.44¢ 42.6° 49.9¢ 1.9 5eb 78.68 11.920
0-90-0 4542 81.42 4,02 (.45bc 4.4 50.0b¢ 1.8 56 77.78 11.8b¢
40-50-0 4622 81.42 3.8bc (.462bc 4152 68.32 2.1 47¢ 7.1 12.220
18-72-0 48] 82.62 4420 (.44¢ 42.12 49.4bc 1.7 53 7.3 12.020
18-36-36 5062 82.5% 48 0472 4.4 443¢ 1.5 53eb 77.92 12,02
18-117-0 478 83.62 4.7 0.462 4142 4]1.9b¢ 24 572 77420 12.220
18-58.5-58.5 4902 82.5% 4.8 (.4620c 42.82 35.8¢ 1.6 53 78.02 12.58

Mean 81.7 4.2 0.5 4.0 52.2 1.8 74 7138 11.9

SDS, sodium dodecylsulfate sedimentation; N, nitrogen. **“For each year and effect, means followed by the same letter are not significantly different at P<0.05 according to Student Newman Keuls test.
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12.5%). The data highlighted a positive effect of the nitrogen on pro-
tein content. In particular, with 90 kg ha-l, the grain protein content
ranged from 12.0 to 12.5%.

Increasing nitrogen had a positive effect on protein content, while
no administration in the final phase had a negative impact.

There was a similar trend for the percentage of non-vitreous kernels
in the different treatments, due to the strict correlation with the grain
protein content. The efficiency parameters of nitrogen were influenced
by the year and also by the treatments: 2009 gave the highest value of
NUtE (53.7 kg kg1), NHI (86.3%), while the value of NAE and NRF were
the lowest (7.3 kg kg1 and 20.8% respectively). Considering the data in
terms of treatments, the highest value of NUtE was recorded when the
application was included between 0 and 90 kg ha-1. The measurements
of NHI were also similar, with higher values in the treatments 18-37-0
and 0-0-0, respectively 87.2% and 86.0%. N agronomy efficiency was
significantly influenced by the time of application. The highest values
were recorded in the 18-18.5-18.5 and 18-58.5-58.5 treatments (respec-
tively 19.6 and 18.8 kg kg1), and the value increased when the applica-
tions were split into three different times. The apparent and recovery
fraction of N, finally (NRF and NAE), was significantly affected by the
grain splitting. The highest values were in fact measured in the 18-36-
36 (39.9%) and 18-18.5-18.5 (37.2%) treatments.

These latter data were directly related to grain yield and were signif-
icantly affected by N timing and splitting, while NAE increased when
the nitrogen was applied at stem elongation, as also found by Lopez-
Bellido (2005).

Discussion

In line with other studies (Campbell ez al., 1993; Lopez-Bellido et al.,
2012), a strong influence of climate was observed due to the particular
high variability of rain during the growing season in the
Mediterranean climate. The change in conditions caused the variations
in physiological responses of the crop, grain yield and N efficiency.

In our study, the effect of nitrogen fertiliser in a modern durum
wheat cultivar, confirms its importance in increasing grain yield com-
pared to no N usage, as found from Ercoli et al. (2009). Nitrogen also
leads to higher photosynthetic activity and canopy development, as
shown by the SPAD and LAI values. This confirms the importance of N
on the cultivation in different conditions typical of the Mediterranean
climate (Ercoli et al., 2009; Lépez-Bellido et al., 2012). The increase in
application favoured an increase in yield in all cases in the three years,
due to the higher average rain registered during the experiments. In
this case, dry conditions were not verified, which in several experi-
ments have resulted in a lower response of the nitrogen fertiliser (De
Vita et al., 2007; Lopez-Bellido et al., 2005). However, the rainy condi-
tions result in pathological problems in the plant, causing the lower
yield in 2012. The use efficiency (NUtE) values were in the range
measured in modern durum wheat varieties in other experiments
(Giambalvo et al., 2010). The seasonal trend of the three years, with
higher values of rain, was favourable for the use of nitrogen, as found
from Lopez-Bellido (2012).

Conclusions

The application of N fertiliser on durum wheat crop confirms the
importance of this nutrient in increasing production and improving the
qualitative parameters of grain.
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The study shows that, in southern of Italy, the application of N fer-
tiliser rates could be optimised in terms of timing and splitting, in
agreement with other studies (Lépez-Bellido, 2005). In terms of the
amount of nitrogen support, nitrogen applications between 90 and 135
kg ha! appear to be the most effective doses, with a better response in
terms of vegetation nutritional status and yield.

Splitting the application of nitrogen into three periods (sowing,
tillering, stem elongation), appears more efficient than just one appli-
cation, producing an increase of 15%, or twice, where the increase is
7%. This strategy appears to be effective in reducing the loss of soil
nitrates, which is more dangerous during the winter period, as report-
ed from several authors, due to the rainfall (Lopez-Bellido, 2005). We
found that N application efficiency and N recovery efficiency in wheat
crops increased when N fertiliser is applied at the stem elongation
phase, whereas high amounts of N at sowing time and tillering, result-
ed in poor efficiency.

The splitting the N dosage appears to prevent environmental prob-
lems connected with the potential N loss. However above all it could
maximise the efficiency of wheat fertilization, thus increasing the
yield in the Mediterranean region, and providing a rational manage-
ment of wheat, which is the most widespread crop in Apulia Region.
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