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Abstract: Late-season N application through foliar spraying is recognized as an efficient agronomic
practice for improving grain quality in common wheat, although the major part of N is still supplied
by soil fertilization. This study assessed the impact of various N doses entirely applied by repeated
foliar sprayings on wheat growth, yield and quality, in comparison with conventional soil fertilization
management with a recommended dose of 160 kg N ha−1 as ammonium nitrate (C-M). Doses of 96,
104 and 120 kg N ha−1 as both UAN (urea-ammonium-nitrate) and urea applied by foliar spraying
were evaluated in a 2-year field trial in Northern Italy in a silty loam soil with 1.7% organic matter.
Here, it was demonstrated that the canopy greenness was similar in all treatments, with slight grain
yield increases by the lowest foliar N dose vs. C-M. The higher N foliar doses mainly improved
the grain protein content and both high- and low-molecular-weight glutenin subunits (HMW-GS,
LMW-GS), particularly with urea. It is concluded that in our fertile soil, managing N fertilization
exclusively through foliar spraying is feasible without compromising grain yield and ameliorating
quality at the same time. Improved nutrient use efficiency and beneficial environmental effects are
also expected by reducing the nitrogen load on the agricultural fields by 25–40%.

Keywords: ammonium nitrate; common wheat; foliar fertilization; gluten proteins; grain yield and
quality; vegetational indexes; urea

1. Introduction

Foliar fertilization consists in the application—via spraying—of nutrients to the crop
canopy, allowing their absorption by leaves and stems [1]. This agronomic practice was
firstly applied in the early 1900s and mainly limited to micronutrient application in high-
value horticultural crops such as potato and tomato [2]. However, in the last few years, it
has become a standard practice for applying various nutrients in many crops [3].

Among several advantages, foliar fertilization is able to alleviate nutrient deficiency
faster than soil application [2,4]. It can also be successfully used for both macro- and
micronutrients, with large benefits for low-mobile elements in dry soils and with poor root
growth [5–7]. Other benefits refer to the opportunity of combining the nutrient supply
together with other agrochemicals such as herbicides, fungicides and insecticides, allowing
labor, machinery and energy cost savings [8]. Following the high leaf absorption, improved
fertilization efficiency and reduced nutrient losses are also expected, particularly with
nitrogen [9].

In common wheat (Triticum aestivum L.), the application of nitrogen through foliar
spraying is recognized as one of the most efficient agronomic tools to improve the grain
protein content and the bread-making properties of flours [10–12]. However, the response
of wheat depends on the fertilizer form, concentration and frequency of application, growth
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stage and leaf age, as well as other morphological and physiological traits [3]. As regards
the chemical form, urea–ammonium nitrate (UAN), urea and ammonium sulfate (AS) are
the most used in wheat [2].

Grain yield in small-grain cereals is the result of various components, such as plant
density, tillering, number of spikelets per spike, number of kernels per spikelet and kernel
weight. Such components are the result of the success of critical phenological stages,
such as germination, tillering, stem elongation, anthesis, grain formation and filling [13].
Besides environmental conditions, the rate and timing of N applications are crucial for
improving yield and grain protein content in wheat [14,15]. Early in the season, nitrogen
availability stimulates the vegetative growth of wheat and enhances yields at the expense
of protein accumulation in the grains. Conversely, N application at late growth stages
has less influence on grain yield but better effects on grain protein accumulation [16,17].
As N is allocated faster to grains through leaf application [18], the practice of applying N
solutions to the canopy is commonly used only late in the growing season, particularly
at anthesis [19–21] or early milk [22], with the aim of improving flour quality and the
bread-making properties [23].

Several studies have identified an optimal dose of approximately 30 kg N ha−1 to be
used by foliar application for providing the best increase in the grain protein content [10,20].
Higher amounts, up to 60 kg N ha−1, are possible, although severe leaf burning can occur
under specific environmental conditions [22]. For these reasons, much of the research is
focused on the effects of foliar N supply only late in the season, while very few studies have
dealt with the use of foliar spraying to replace the main N dose conventionally applied to
the soil by splitting it during the crop cycle [24].

Given this background, this study aimed at evaluating the effects of nitrogen fertil-
ization supplied exclusively by foliar spraying in winter wheat, by comparing different N
doses and in comparison with conventional soil fertilization. The trials were carried out
across two growing seasons in Northern Italy, by comparing two types of liquid fertilizers,
containing urea–ammonium nitrate (UAN) and urea, respectively. In order to minimize
possible leaf phytotoxicity, the N dose was split into four applications over the spring
time. Recorded parameters were: (i) normalized difference vegetation index (NDVI) and
leaf chlorophyll content (as SPAD values) across the growing season; (ii) final grain yield
and harvest index at harvest; and (iii) grain quality as highlighted by protein and gluten
content, and gluten composition.

2. Materials and Methods
2.1. Field Trial Set-Up

The trials were conducted at the “Lucio Toniolo” experimental farm of the University
of Padua at Legnaro (NE Italy, 45◦21′ N, 11◦58′ E, 12 m a.s.l.) during the 2018–2019
and 2019–2020 growing seasons. The soil was silty loam (fulvi-calcaric-cambisol; USDA
classification) with pH 8.0, 1.7% organic matter, CEC of 11.4 cmol (+) kg−1 and a total
N content of 1.1 g kg−1 (arable layer, beginning of experiment). The climatic data were
provided by a meteorological station placed within the experimental farm and managed
by the regional weather service center, ARPAV (Teolo, Padua, Italy).

In both years, the soil was ploughed to a depth of 0.3 m, incorporating the residues of
the previous crop, and harrowed twice at 0.2 m. In order to minimize the effects of residual
soil nitrogen availability on wheat growth, in both trials, sugar beet was the forecrop,
receiving a low nitrogen dose during cultivation (~90 kg N ha−1).

The experimental set-up consisted of a completely randomized block design with
three replicates (n = 3); each plot measured 10 × 6 m (60-m2) and included 24 wheat rows
12 cm apart. The wheat var. “Bologna” (SIS, Bologna, Italy) was sown in both trials, being a
variety with high bread-making quality and one of the most widespread in Northern Italy.

In the first year, sowing took place on 22 October 2018, harvesting on 26 June 2019;
in the second year, sowing took place on 28 October 2019 and harvesting on 22 June 2020,
respectively. Chemical weed control was applied post-emergence with GRANSTAR®
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ULTRA SX (dose 50 g ha−1; a.i. thifensulfuron-methyl and tribenuron-methyl; FMC Agro
Italia s.r.l.) at ZDS 32–33 (2nd–3rd node detectable). Protection against fungal diseases was
ensured by two fungicide treatments, one at ZDS 37–39 (flag leaf visible) with KISHAR
(dose 1 L ha−1; a.i. azoxystrobin and cyproconazole; Comercial Química Massó, S.A.), and
one at ZDS 65–69 (end flowering) with CARAMBA® (dose 1 L ha−1; a.i. metconazole;
BASF Italia s.p.a.). This last treatment was combined with the insecticide KARATE ZEON®

(dose 1 L ha−1; a.i. lambda-cyhalothrin; Syngenta Italia s.p.a.) in order to protect wheat
against insects.

Three foliar N fertilization treatments (f) were compared with conventional soil fer-
tilization, which was considered as a control (C-M, conventional management). Leaf
application considered different amounts of N, i.e., 96, 104 and 120 kg N ha−1, named F-96,
F-104 and F-120, respectively, corresponding to a reduction of 40%, 35% and 25% compared
with the conventional dose of 160 kg ha−1.

After soil application of 32 kg N ha−1 at sowing in all the treatments, F-96 received the
foliar application of 16 kg N ha−1 repeated 4 times during the crop cycle. F-104 and F-120
received an increased amount of N: 8, 16 and 32 kg N ha−1 in the first three applications,
and the fourth at flowering 16 kg N ha−1 in F-104 and 32 kg N ha−1 in F-120 (see Table 1
for details).

Table 1. Dates and growth stages of N application (kg ha−1).

Year Date Phenological
Stage

Treatment

UAN UREA

0N C-M F-96 F-104 F-120 C-M F-96 F-104 F-120

2018–2019

20 October 2018 Pre-sowing 32 (s) 32 (s) 32 (s) 32 (s) 32 (s) 32 (s) 32 (s) 32 (s) 32 (s)

25 February 2019 Tillering
(ZDS 26) - 58 (s) 16 (f) 8 (f) 8 (f) 58 (s) 16 (f) 8 (f) 8 (f)

21 March 2019
Stem

elongation
(ZDS 37)

- 58 (s) 16 (f) 16 (f) 16 (f) 58 (s) 16 (f) 16 (f) 16 (f)

24 April 2019 Booting
(ZDS 40) - - 16 (f) 32 (f) 32 (f) - 16 (f) 32 (f) 32 (f)

7 May 2019 Flowering
(ZDS 62) - 12 (f) 16 (f) 16 (f) 32 (f) 12 (f) 16 (f) 16 (f) 32 (f)

2019–2020

22 October 2019 Pre-sowing 32 (s) - - - - 32 (s) 32 (s) 32 (s) 32 (s)

25 February 2020 Tillering
(ZDS 27) - - - - - 58 (s) 16 (f) 8 (f) 8 (f)

28 March 2020
Stem

elongation
(ZDS 37)

- - - - - 58 (s) 16 (f) 16 (f) 16 (f)

24 April 2020 Booting
(ZDS 40) - - - - - - 16 (f) 32 (f) 32 (f)

7 May 2020 Flowering
(ZDS 62) - - - - - 12 (f) 16 (f) 16 (f) 32 (f)

Total N dose 32 160 96 104 120 160 96 104 120

N saving (%) vs. C-M treatment 80% Ref. 40% 35% 25% Ref. 40% 35% 25%

s = soil. C-M = conventional N management; F = foliar N spraying. ZDS: Zadok’s Phenological Stage [25].
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In the first year only, two different liquid fertilizers were compared, i.e., urea (dissolved
in water) and urea–ammonium nitrate (UAN, liquid formulation). In the second year, only
urea was used.

Results were compared with an absolute control receiving only 32 kg N ha−1 at
sowing, and the conventional management C-M having two dress applications to the soil
of granular ammonium nitrate (Table 1). Following the local practices, the control treatment
C-M received the last application of N at flowering as foliar application with 12 kg N ha−1

as UAN or urea, for a proper comparison with foliar treatments with the two fertilizers.
Besides 32 kg N ha−1, pre-sowing fertilization consisted of 96 kg ha−1 of P2O5 and

96 kg ha−1 of K2O (as ternary fertilizer) incorporated into the soil through harrowing. No
other P and K fertilizers were applied during the growing season.

As regards N fertilization, granular ammonium nitrate (27% N content) (NAC 27 N;
Borealis L.A.T., Linz, Austria) was applied by hand in the conventional soil treatment
C-M, while in foliar treatments, N was applied as urea (UREA 46 N; Borealis L.A.T.,
Linz, Austria) (solid urea dissolved in water at air temperature) and urea–ammonium
nitrate (UAN, 26 % N, liquid formulation) (NSZ 26, Cifo, Bologna, Italy) (1st year). Both
the fertilizers were applied through canopy spraying by using a computerized multi-
sprayer plot bar IRP302 (Vignoli, Rovigo, Italy) with air induction XR flat spray nozzles
(AIXR TeeJet®; TeeJet® Technologies, Springfield, IL, USA). The spraying volume was
set at 430 L water ha−1, with 3 bar pressure and tractor forward speed of 3 km/h to ensure
adequate canopy wetting. Depending on the single N application dose, i.e., 8, 16 or 32 kg ha−1,
N concentration in water was 2%, 4% and 8% w/v, respectively.

2.2. Plant Analysis

Leaf chlorophyll content was indirectly revealed as SPAD (Soil and Plant Analysis
Development) values, periodically collected from the beginning of stem elongation to the
end of flowering with a SPAD 502 chlorophyll meter (Konica-Minolta, Hong Kong) on the
last fully developed leaf (6 leaves randomly chosen per plot) at 15-day intervals throughout
April and part of May in both years.

At the same time as the SPAD measurements, the Normalized Difference Vegeta-
tion Index (NDVI) of the canopy of each plot was monitored with an active handheld
Greenseeker spectrometer (NTech Industries, Ukiah, CA, USA). The instrument reveals the
canopy reflectance at wavelengths of 590 nm (refRED) and 880 nm (refNIR), providing a
ratio value, as follows:

NDVI =
refNIR − refRED

refNIR + refRED

Additionally, shoot dry biomass was assessed at end flowering in both the growing
seasons (21 May 2019; 7 May 2020), by weighting shoot biomasses of sampling areas after
oven-drying (65 ◦C, 75 h).

2.3. Foliar Phytotoxicity

As nutrient solutions applied to plants may cause damage, defined as leaf “burning”,
“scorching” or “tipping”, the possible leaf phytotoxicity was evaluated at 7 days after the
last foliar application (flowering stage). Ten flag leaves of wheat were randomly taken
from each plot and compared through a photographic survey, using a modified version of
the method proposed by Philips and Mullins [26]. Here, data are provided for the 2nd year
trial by calculating the fraction leaf length (generally the tip) with brown color.

2.4. Yield Parameters and Nitrogen Use Efficiency (NUE)

Final yield was assessed at maturity by collecting the grains in the central area of
each plot (~40 m2) by using a mini combine harvester (Wintersteiger, Ried, Austria). The
harvest index (grain-to-total shoot weight ratio) was measured in a checking area of 1 m2

in each plot, while N concentration in grain and straw was determined from these sample
materials by the Kjeldahl method.
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We also evaluated the thousand seed weight (TSW) by weighing 1000 kernel samples
obtained from a counting machine (Numigral Seed Counter, Chopin Technologies, Villeneuve-
la-Garenne, France), and the testing weight through Near-InfraRed Spectroscopy (NIRS)
technology with Infratec-1241 instrumentation (Foss Analytical, Hillerød, Denmark).

Nitrogen use efficiency (NUE) and its two components (N-uptake efficiency, NUpE;
N-utilization efficiency, NUtE) were calculated in accordance with Moll et al. [27]:

NUE = NUpE×NUtE

Gw

Ns
=

Nt

Ns
× Gw

Nt

Gw: grain weight (kg ha−1);
Ns: nitrogen supply (kg ha−1);
Nt: total plant nitrogen content at maturity (kg ha−1).

2.5. Grain Quality

In the 2019–2020 trial, during the grain filling period from 28th May to harvest, 15 ears
per plot were periodically collected and frozen at −18 ◦C. Subsequently, the ear samples
were dried in an oven (65 ◦C, 48 h) and threshed with a small harvester in order to collect
the kernels. Each sample was milled, and the flour analyzed for determining the N content
(Kjeldahl method) and grain protein content in all the treatments. At harvest, the total
grain protein content (GPC), the Zeleny index (sedimentation test) and wet gluten (at 14%
humidity) were determined as main parameters for the assessment of the bread-making
quality. GPC was calculated by multiplying the grain N content by 5.7, while the other
parameters through Near-InfraRed Spectroscopy (NIRS) technology with Infratec-1241
instrumentation (Foss Analytical, Hillerød, Denmark).

For each treatment, the gluten protein quantification was obtained on 30 g grain samples
(n = 3) gently milled with a Knifetec™ 1095 (Foss, Hillerød, Denmark), while gliadins,
high-molecular-weight glutenin (HMW-GS) and low-molecular-weight glutenin subunits
(LWM-GS) were extracted from refined flour following the procedure of Visioli et al. [6].

2.6. Statistical Analysis

The data from all the assessed parameters were subjected to ANOVA within Stat-
graphics Centurion XI software (Adalta, Arezzo, Italy). Separation of means was set at
p ≤ 0.05 with the Newman–Keuls test.

In the dataset of the 1st year, statistical analysis was performed within each fertilizer
type (UAN and UREA) in order to identify the best treatment for each option.

A factorial discriminant analysis (MDA, Multigroup Discriminant Analysis with Wilks’
lambda and Pillai’s trace tests) and a principal component analysis (PCA) were also carried
out in order to facilitate the interpretation of the large dataset from the trial. Multivariate
data normality was preliminary verified by the Shapiro test. Before analysis, data were
standardized by subtracting the mean and dividing the result by the standard deviation
within each variable.

Correlation analysis among yield and grain quality parameters (GPC, wet gluten,
testing weight, harvest index, TSW and Zeleny index) was carried out by calculating
the Pearson correlation coefficients. The analyses were performed by MS Excel XLSTAT
(Addinsoft, Paris, France).

3. Results
3.1. Climatic Conditions during the Trials

The climatic conditions in the two experimental seasons (2018–2019 and 2019–2020)
had contrasting temperature and rainfall patterns (Figure S1). The temperature was higher
than the 10-year average (1998–2019) during winter and early spring, particularly in the
2nd year. Compared to the historical mean, the average air temperature of the 1st year was
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lower in May (15 ◦C vs. 18 ◦C) and higher in June (25 ◦C vs. 22 ◦C); in the 2nd year, it was
lower in June. As regards the precipitation, in the 1st year, high rainfall was recorded in
October, and particularly in April (131 mm vs. 73) and May (201 mm vs. 91 mm). In the
2nd year, high rainfall was recorded in November and December, and particularly in June
(143 mm). Wind and some lodging affected wheat in the 2nd year.

3.2. Effects on Vegetation Indices

The vegetational parameters, calculated as the seasonal average, did not show high
variations related to N fertilization management during both years. In detail, in the 1st
year, SPAD values decreased slightly (p > 0.05, n.s.) at any N dose applied by foliar
spraying with both fertilizers, urea and UAN, compared with the control, C-M, except for
significantly lower readings at F-96 with urea (−4% vs. C-M; p ≤ 0.05). The same trend
was observed in the 2nd year, with statistically significantly lower values in F-96 vs. F-104
(Table 2). Similarly, in the 1st year, NDVI under foliar treatments was slightly lower vs.
C-M, although no statistically significant differences were revealed with both fertilizers. In
the 2nd year, with urea as a foliar fertilizer, F-96 and F-120 had a significantly lower NDVI
compared with C-M, being −8% and −5% vs. controls.

Table 2. Vegetational parameters: SPAD, NDVI (mean seasonal values from stem elongation to end flowering) and shoot
dry weight (DW; g m−2) at flowering (±S.E.; n = 3) in wheat plants under different foliar N fertilization treatments in a
two-year field trial with UAN and urea as fertilizers. In brackets: % variation vs. each conventional management C-M.
Letters: statistically significant differences among treatments within the same fertilizer (Newman–Keuls test, p ≤ 0.05).

Year Fertilizer Treatment SPAD NDVI Shoot DW
(g m−2)

2018–2019

0N 44.3 ± 1.17 0.745 ± 0.004 1359 ± 57.3

UAN

C-M 47.4 ± 1.01 a 0.770 ± 0.016 a 1319 ± 62.0 a

F-96 45.7 ± 0.35 a (−4) 0.758 ± 0.021 a (−2) 1246 ± 30.6 a (−6)

F-104 45.3 ± 0.90 a (−4) 0.736 ± 0.022 a (−4) 1414 ± 107.3 a (+7)

F-120 46.8 ± 0.35 a (−1) 0.760 ± 0.012 a (−1) 1349 ± 73.8 a (+2)

UREA

C-M 47.4 ± 0.29 a 0.782 ± 0.013 a 1410 ± 81.9 a

F-96 45.7 ± 0.77 b (−4) 0.753 ± 0.019 a (−4) 1431 ± 86.3 a (+2)

F-104 46.5 ± 0.19 ab (−2) 0.771 ± 0.017 a (−1) 1348 ± 36.1 a (−4)

F-120 45.9 ± 0.61 ab (−3) 0.771 ± 0.010 a (−1) 1474 ± 66.7 a (+5)

2019–2020

0N 39.8 ± 1.65 0.690 ± 0.090 1371 ± 94.1

UREA

C-M 47.4 ± 0.16 ab 0.837 ± 0.005 a 1578 ± 188.3 a

F-96 44.9 ± 0.37 b (−5) 0.774 ± 0.021 c (−8) 1479 ± 152.6 a (−6)

F-104 47.6 ± 0.28 a (+1) 0.820 ± 0.007 ab (−2) 1512 ± 6.0 a (−4)

F-120 46.4 ± 1.47 ab (−2) 0.793 ± 0.035 bc (−5) 1309 ± 66.8 a (−17)

At wheat flowering, shoot biomass was somewhat variable among N doses and
fertilizer type, although no statistically significant differences were found in either year.
In the 2nd year, biomass was lower than the 1st year, likely due to spring drought, with
appreciable but not significant reductions by foliar treatments compared to C-M (Table 2).
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3.3. Leaf Phytotoxicity

From the analysis of the flag leaf images of wheat at 7 days after the last foliar treatment
(flowering) in the 1st-year trial (Figure S2), only slight burning symptoms were observable
in the F-104 and F-120 treatments with both UAN and urea, while no injury was detected
in the controls or the F-96 foliar treatment. On the contrary, in the 2nd year, damage was
clearly noticeable in the leaf tips of sprayed plants, especially at medium and high N doses.
The extent of leaf burning was considerable with the F-104 and F-120 treatments, with
21% and 26% of the leaf length burned, which were significantly higher compared to F-96
(9% of damage) and conventional management C-M (8% of damage) (p ≤ 0.05) (Figure S3).

3.4. Grain Yield and Quality

At harvest, significant variations in productivity were detected among treatments.
In the 1st year, with UAN, the medium foliar N dose (F-104) reached statistically higher
productivity (6789 kg ha−1) than the control C-M (+6%) and F-120 (+7%). Instead, with
urea, the grain yield in F-96 and F-120 was higher than in the F-104 treatment, the latter
achieving the lowest value (6193 kg ha−1). In the 2nd year, results with urea were somewhat
similar to the previous season as the three foliar treatments had a slight (p > 0.05) yield
improvement, with the better increase (+11% vs. C-M, p > 0.05) with F-96 (Table 3).

Table 3. Productivity parameters: grain yield, harvest index (HI), thousand seed weight (TSW) and testing weight (mean ± S.E.;
n = 3) in wheat plants under different foliar N fertilization treatments in a two-year field trial with UAN and urea as
fertilizers. In brackets: % variation vs. each conventional management C-M. Letters: statistical comparisons among
treatments within same fertilizer (Newman–Keuls test, p ≤ 0.05).

Year Fertilizer Treatment Yield DW (kg ha−1) Harvest Index (%) TSW (g) Testing Weight
(kg hL−1)

2018–2019

0N 5570 ± 9.70 34.3 ± 0.51 28.9 ± 0.26 80.9 ± 0.73

UAN

C-M 6407 ± 76.5 b 35.7 ± 1.11 a 29.0 ± 0.69 a 80.5 ± 0.23 b

F-96 6635 ± 107.1 ab (+4) 35.9 ± 0.83 a (+1) 28.8 ± 0.43 a (−1) 81.7 ± 0.38 ab (+1)

F-104 6789 ± 76.2 a (+6) 36.8 ± 1.36 a (+3) 30.3 ± 1.26 a (+5) 82.4 ± 0.49 a (+2)

F-120 6357 ± 121.2 b (−1) 33.7 ± 3.24 a (−6) 27.8 ± 2.39 a (−9) 80.6 ± 0.90 ab (=)

UREA

C-M 6386 ± 41.7 ab 33.1 ± 0.96 a 27.7 ± 0.72 a 79.5 ± 0.19 b

F-96 6527 ± 96.5 a (+2) 35.8 ± 0.69 a (+8) 29.4 ± 0.36 a (+6) 81.9 ± 0.36 a (+3)

F-104 6193 ± 95.6 b (−3) 36.0 ± 1.47 a (+9) 29.1 ± 0.44 a (−1) 80.4 ± 0.69 b (+1)

F-120 6524 ± 69.0 a (+2) 33.9 ± 0.62 a (+2) 28.9 ± 0.66 a (−1) 81.8 ± 0.31 a (+3)

2019–2020

0N 5914 ± 758.4 41.0 ± 1.69 35.5 ± 0.57 80.9 ± 0.56

UREA

C-M 6129 ± 436.0 a 39.9 ± 1.75 a 34.5 ± 0.51 a 82.5 ± 0.19 b

F-96 6828 ± 286.8 a (+11) 44.7 ± 0.36 a (+12) 38.3 ± 0.64 a (+10) 83.2 ± 0.38 ab (+1)

F-104 6214 ± 643.9 a (+1) 39.9 ± 3.72 a (=) 35.1 ± 2.77 a (+2) 82.8 ± 0.38 ab (=)

F-120 6259 ± 287.7 a (+2) 41.3 ± 3.14 a (+3) 35.2 ± 1.51 a (+2) 83.8 ± 0.38 a (+1)

Harvest index was not affected by N management and doses, with slight increases
reached by all the foliar thesis with both fertilizers, except for a small, non-significant
reduction in F-120 with UAN (−6% vs. C-M) in the 1st year. In the 2nd year, again, minor
increases were assigned to F-96 and F-120 (+12% and +3%, respectively), while F-104 was
similar to the control C-M (Table 3). The HI was generally low with the wheat var. Bologna,
ranging from 33.1% to 36%.

A similar response was detected for the TSW, as no significant variations were ob-
served among N management (foliar vs. soil), doses and fertilizer type. The most relevant
variation was a 10% increase with F-96 in the 2nd year with urea (Table 3). As regards
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the testing weight, it was generally improved by foliar N fertilization, although it was
significant only for F-104 with UAN, F-96 with urea in the 1st year and F-120 with urea in
both years (Table 3).

By comparing the two growing seasons, with urea as a foliar fertilizer, the parameters
HI, TSW and testing weight were greater in the 2nd year, while it was the opposite for
grain yield.

In the 2nd year with urea as a fertilizer, the dynamics of protein accumulation in
grains were significantly affected by the treatments. The medium and the highest foliar N
doses were similar, except for the first sampling date at 23 DAA (days after anthesis), and
statistically higher compared to F-96 and the control C-M. These two latter had comparable
protein content values in the first period, but C-M significantly increased from 30 DAA
onwards. The absolute control 0N remained almost stable, with statistically lower values
than all the other treatments. As a consequence, the final grain protein content (GPC)
showed greater values in F-104 and F-120 (Figure 1).
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Figure 1. Dynamics of grain protein accumulation (GPC) (% ± S.E.; n = 3) in wheat over time (DAA,
days after anthesis) under different foliar N fertilization treatments with urea (season 2019–2020) vs.
control C-M. Asterisk (*): statistical significant differences among treatments (Newman–Keuls test,
p ≤ 0.05).

At harvest in the 1st year, no significant variations in the final GPC were detected
among N treatments with UAN, whereas with urea, the treatments F-104 (14.7%) and
F-120 (14.5%) were significantly higher than F-96 (13.2%) and slightly higher than controls
(p > 0.05; n.s.). In the 2nd year with urea, F-120 had higher protein content (14.2%) compared
to the other treatments, with a dose-dependent response (Table 4), thus confirming the
trend of protein accumulation over the whole grain filling period.

The gluten content of grains followed the same trend of GPC. Interesting increases
were found in the 1st year with F-120 with UAN (+6%) and F-104 with urea (+3%), while a
moderate decrease was associated with F-96 regardless of the type of fertilizer. In the 2nd
year with urea, F-104 and F-120 provided even better results (+12% and +16%, respectively;
p ≤ 0.05) (Table 4).

As regards the Zeleny index, the response was almost similar to the gluten content. In
the 1st year, F-120 showed the highest increase in this index with UAN (+13% vs. C-M),
and F-104 with urea (+10% vs. C-M; p > 0.05), while F-96 was significantly lower. In the
2nd year, F-120 with urea showed the highest improvement (+41% vs. C-M) (Table 4).
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Table 4. Grain quality parameters: grain protein content (GPC), Zeleny index and wet gluten content (mean ± S.E.; n = 3) in
Triticum aestivum L. under different foliar N fertilization treatments in a two-year field trial with UAN and urea fertilizers.
In brackets: % variation vs. each conventional management C-M. Letters: statistical comparisons among treatments within
same fertilizer (Newman–Keuls test, p ≤ 0.05).

Year Fertilizer Treatment GPC (%) Zeleny Index (%) Wet Gluten (%)

2018–2019

0N 11.4 ± 0.53 33.5 ± 2.12 27.6 ± 1.31

UAN

C-M 14.0 ± 0.64 a 42.8 ± 5.88 a 31.4 ± 1.68 ab

F-96 13.1 ± 0.37 a (−6) 35.9 ± 2.40 a (−16) 29.4 ± 0.80 b (−6)

F-104 13.4 ± 0.26 a (−4) 37.9 ± 3.29 a (−11) 30.0 ± 0.61 ab (−4)

F-120 14.5 ± 0.45 a (+4) 48.3 ± 3.40 a (+13) 33.3 ± 1.13 a (+6)

UREA

C-M 14.3 ± 0.61 ab 44.9 ± 5.28 ab 32.5 ± 1.56 ab

F-96 13.2 ± 0.44 b (−8) 36.7 ± 4.39 b (−18) 30.0 ± 1.10 b (−8)

F-104 14.7 ± 0.32 a (+3) 49.2 ± 1.50 a (+10) 33.4 ± 0.61 a (+3)

F-120 14.5 ± 0.19 ab (+1) 48.6 ± 0.80 a (+8) 32.8 ± 0.54 ab (+1)

2019–2020

0N 9.9 ± 0.41 21.6 ± 2.66 15.8 ± 0.96

UREA

C-M 13.2 ± 0.33 b 32.9 ± 2.66 bc 26.8 ± 1.19 b

F-96 12.0 ± 0.15 c (−9) 29.1 ± 1.02 c (−12) 23.3 ± 0.48 c (−13)

F-104 13.9 ± 0.35 ab (+6) 40.4 ± 5.34 ab (+23) 30.0 ± 1.27 a (+12)

F-120 14.2 ± 0.13 a (+8) 46.3 ± 0.69 a (+41) 31.0 ± 0.23 a (+16)

Correlation analysis did not reveal significant correlations among yield and quality
parameters. As expected, the main statistically positive correlation was found between
GPC and wet gluten (r = 0.97) and the Zeleny index (r = 0.94). On the contrary, significant
negative correlations were detected between GPC and harvest index and TSW (r = −0.49
and −0.50, respectively) (Table S1).

As a general observation, gluten composition was highly responsive to the N dose
applied though foliar spraying, and urea allowed us to achieve better content of gluten
proteins compared to UAN.

With UAN as a fertilizer, HMW-GS were significantly increased (+30%; p ≤ 0.05) by
the highest foliar N dose (120 kg ha−1). Instead, with urea, no statistically significant
variations were found among treatments in both years, with only slight increases in F-104
and F-120 vs. C-M (Figure 2A). The opposite response was observed for the LMW-GS
content: no differences among treatments (p > 0.05) with UAN, and great variations with
urea. In the 1st year with urea, F-120 significantly improved LMW-GS by 8% vs. C-M, and
even more in the 2nd year with F-104 and F-120 (+35% and +3%, respectively) (Figure 2B).

As a consequence, total glutenins were significantly increased in F-120 with UAN
(+14% vs. C-M), and in F-104 with urea in the 2nd year (+30% vs. C-M) (Figure 2C), with
foliar fertilization being generally more effective than soil fertilization.

Responses in the total gliadin content were appreciable only with urea as a foliar
fertilizer, particularly at medium–high N doses: increases ranged from 8% to 12% with
F-104 and from 12% to 13% with F-120, depending on the year considered (Figure 2D). This
led to almost a similar trend in the glutenins-to-gliadins ratio, which was slightly improved
with urea and even with UAN at F-120 (Figure 2E).
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Figure 2. High-molecular-weight glutenins (HMW-GS) (A), low-molecular-weight glutenins (LMW-GS) (B), total glutenins (C), total
gliadins (D) and gliadins-to-glutenins ratio (E) (mg g−1 ± S.E.; n = 3) in wheat grains under different foliar N fertilization
treatments in a two-year field trial with UAN and urea as fertilizers. Percentages: variation vs. each conventional
management C-M (Ref.). Letters: statistical comparisons among treatments within the same fertilizer (Newman–Keuls test,
p ≤ 0.05).

3.5. Nitrogen Uptake and NUE

At harvest, nitrogen accumulation followed a similar trend among treatments in both
straw and grain samples. With UAN as a fertilizer, no significant variations were detected
among the thesis, despite an appreciable increase with F-120 (+26% and +9% in straw
and grain, respectively). On the contrary, foliar urea led to a general decrease in N straw
concentration, which was often accompanied by an increase in grain N concentration in
both years, particularly in the 2nd year (Figure 3).

As expected, nitrogen use efficiency improved as the N dose was reduced. Regardless
of the fertilizer chosen, the best treatment was F-96 with ~70 kg grains kg−1 N applied,
which significantly improved compared to the control C-M. Of the two components, NUE
increases were mainly related to N-uptake efficiency (NUpE) improvements, this index
significantly improving with foliar spraying at any N dose. N utilization efficiency (NUtE)
was relatively stable, with slightly better values at high foliar N doses (Table 5).
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Figure 3. Nitrogen concentration in straw and grains at harvest (% DW ± SE; n = 3) of wheat under
different foliar N fertilization treatments in a two-year field trial with UAN and urea as fertilizers.
Percentages: variation vs. each conventional management C-M (Ref.). Letters: statistical comparisons
among treatments within the same fertilizer (Newman–Keuls test, p ≤ 0.05).

Table 5. N use efficiency (NUE), N uptake efficiency (NUpE) and N utilization efficiency (NUtE) (± S.E.; n = 3) in wheat
under different foliar N fertilization treatments in a two-year field trial with UAN and urea as fertilizers. In brackets:
% variation vs. each conventional management C-M. Letters: statistical comparisons among treatments within same
fertilizer (Newman–Keuls test, p ≤ 0.05).

Year Fertilizer Treatment
N Use Efficiency

NUE
kg Grains/kg N-Applied

N Uptake Efficiency
(NUpE)

kg N-Uptake/kg N-Applied

N Utilization Efficiency
(NUtE)

kg Grain/kg N-Uptake

2018–2019

UAN

C-M 40.0 ± 0.48 d 1.39 ± 0.17 b 29.8 ± 3.64 ab

F-96 69.1 ± 1.12 a (+73) 2.81 ± 0.19 a (+103) 24.8 ± 1.40 b (−17)

F-104 65.3 ± 0.73 b (+63) 1.76 ± 0.18 b (+27) 37.9 ± 4.15 a (+27)

F-120 53.0 ± 1.01 c (+32) 1.42 ± 0.14 b (+2) 38.3 ± 4.31 a (+29)

UREA

C-M 39.9 ± 0.26 d 1.15 ± 0.15 b 35.8 ± 4.50 a

F-96 68.0 ± 1.01 a (+70) 2.46 ± 0.04 a (+113) 27.7 ± 0.83 a (−23)

F-104 59.6 ± 0.92 b (+49) 2.38 ± 0.49 a (+107) 27.3 ± 5.94 a (−24)

F-120 54.4 ± 0.58 c (+36) 2.00 ± 0.14 ab (+74) 27.5 ± 1.91 a (−23)

2019–2020 UREA

C-M 38.3 ± 4.7 c 1.49 ± 0.18 b 26.1 ± 1.55 b

F-96 71.1 ± 5.2 a (+86) 2.10 ± 0.31 ab (+41) 34.8 ± 3.32 a (+34)

F-104 59.8 ± 10.7 ab (+56) 2.35 ± 0.20 a (+58) 25.8 ± 3.50 b (−1)

F-120 52.2 ± 4.2 b (+36) 1.78 ± 0.11 ab (+19) 29.4 ± 0.51 ab (+13)
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3.6. Principal Component Analysis (PCA) and Discriminant Analysis (DA)

PCA was performed within each fertilizer type database. With UAN, PCA identified
two synthetic variables, which explained an overall variability of 99.97%, mostly attributed
to the first one (F1 = 98.98%) (Figure S4). In this way, relevant variables (loadings > |0.4|)
were SPAD, yield, testing weight, LMW glutenins and NUE. Following the vector direction
of each variable, good correlations were established among variables plotted very close
together in the graph quadrants, i.e., SPAD, GPC, wet gluten, HMW-GS, LMW-GS, Zeleny
index and nitrogen content in the straw, and among yield, testing weight and NUE. Cen-
troid positions and cluster separation in MDA summarized wheat response to different
N fertilization strategies. The groups were well separated, suggesting that high N doses
(conventional management included) allowed clusters to shift towards an improvement
in grain quality, whereas the reduction in N dosage was related to reduced quality and
improved productivity and NUE.

Considering the 2-year dataset with urea as a fertilizer, the two synthetic variables
identified by PCA explained 88.09% and 9.07% of the overall variability, for F1 and F2,
respectively (Figure 4). Relevant variables (loadings > |0.4|) assigned to F1 were again SPAD
and NUE, and additionally GPC and straw N content. Similarly to UAN, high N doses
(treatments C-M and F-120) allowed us to significantly increase the parameters related to N
metabolism (i.e., SPAD, GPC, straw N content), while reduced doses to improve NUE.
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Figure 4. Principal component analysis (PCA; top right) with variable loadings (in bold > |0.4|;
bottom) and multigroup discriminant analysis (MDA; top left) in wheat under different N fertilization
treatments with urea as foliar fertilizer in two years. In MDA, circles contain 100% of cases.
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4. Discussion

Late-season foliar N fertilization is receiving increasing interest for improving grain
protein content and flour quality in common wheat as well as semolina of durum wheat [6].
The increased impact of spring drought, with reduced nutrient uptake from the soil, and
the need to improve the sustainability of wheat cultivation suggests the need to verify
the possibility of entirely replacing soil N fertilization with foliar supply. The proper
implementation of such management requires the investigation of the effects of different N
doses, both as total amount and individual application, by taking into account possible
leaf phytotoxicity. At our latitude, the heading/flowering phase of wheat is expected
to occur late in spring, roughly at the beginning of May. Despite contrasting weather
conditions during grain filling, with high precipitation in May of the 1st year and June of
the 2nd year, poor precipitation in winter and early spring characterized both the growing
seasons. This climatic pattern, despite some contrasting effects on plant and grain features
(i.e., TSW and harvest index) between the two years, was a strength in our study, as foliar
application can alleviate nutrient deficiency better than soil application due to poor soil
moisture, providing robust information on the feasibility of this management type in real
critical conditions. Indeed, the four applications of foliar N occurred during a relatively dry
period, particularly in the 2nd year, while contrasting climatic conditions were recorded
between the two seasons from flowering onwards. Patterns in rainfall and temperature are
recognized to highly impact N management in wheat, as reported by Tedone et al. [28].

Despite the higher efficiency compared to soil fertilization, in this study, foliar N
application at reduced dosages only seldom worsened the canopy greenness. Our results
also indicate that reduced N doses sprayed on the canopy, although slightly altering leaf
chlorophyll content and possibly photosynthesis compared to soil application, did not
compromise the final yield and grain quality, similarly to what was previously reported by
other authors [22,29].

Attention in leaf fertilization should be directed towards the amount of N per individ-
ual application in order to avoid any shoot/leaf phytotoxicity. Negligeable leaf injuries
were recorded during the 1st year after the last spraying at flowering at any N dose, while
marked leaf burning was detected in the 2nd year, particularly with the highest dose of
32 kg N ha−1 (treatment F-120), probably due to the higher air temperature in May 2020
(+3 ◦C vs. May 2019). This confirms the relevant role of climatic conditions and previous
observations on possible leaf impairments [3,8]. However, damage of the flag leaf tips
seems to be well tolerated by wheat, as confirmed by the appreciable yield and grain quality
improvements reached by all foliar treatments, regardless of the fertilizer choice between
UAN and urea. This is in agreement with the findings of several authors [11,24,26], while
other studies [15,30] reported a higher threshold, i.e., 40 kg ha−1 as a single application
between stages ZDS 39 (flag leaf visible) and ZDS 73 (early milk development), without
compromising productivity.

In our study, many agronomic parameters, such as yield, harvest index and TSW, were
preserved under low N doses supplied by foliar spraying, suggesting that this approach
to fertilization in wheat is feasible, as indicated by the previous literature [24,31]. Our
experimental soil had a relatively good fertility, with 0.11% N and 1.7% organic matter,
which could have prevented a correct evaluation of N shortage compared to common
practice. However, we exclude this possibility, as the grain yield of the absolute control 0N,
although appreciable in both years, was accompanied by compromised SPAD and NDVI,
together with other parameters related to N metabolism, thus highlighting the detrimental
conditions due to N deficiency. The small variations among different N doses for the
vegetational indexes and various agronomic parameters were somewhat unexpected in
this research. Some studies found significant variations in productivity among various
foliar treatments [29], although yield response is highly variable, depending on fertilization
timing and environmental conditions [8,32].
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Some authors reported increased grain protein content (GPC) under raising tempera-
tures [33,34], and this is in agreement with our results in the 1st year, with a hotter June during
seed filling. However, the most interesting result was a stimulation in GPC and gluten content,
together with an amelioration of gluten composition (increased HMW- and LMW-GS) by N
fertilization exclusively by foliar spraying, as found by Rossmann et al. [23]. The most recent
studies agree in assigning to foliar fertilization timing an essential role, as late-season sup-
ply, between booting and heading, is more efficient in increasing GPC and bread-making
properties than early applications, as occurred in our F-120 treatment [11,14,35]. In this
regard, it is thought that early foliar application can stimulate leaf metabolism and its role
as a sink, whereas, after pollination, the absorbed N is mainly redirected to the growing
kernels. We also suggest that small amounts of foliar nitrogen at heading, as in our F-96
treatment, are insufficient to significantly improve grain quality, probably due a moderate
cumulated deficiency from previous growth stages [23,36].

In this way, it is advisable to set up a foliar fertilization protocol with increasing rates
over the growing season in order to sustain the increasing N demand of the crop and reach
adequate standard quality of the flour. This also serves to delay leaf senescence and extend
the duration of the grain filling period [37].

Compared to soil applications, where nitrogen is solubilized in the soil water solution
and intercepted by plant roots, benefits of foliar fertilization are linked to high absorption
efficiency and mobility across plant tissues. High grain N generally derives from re-
translocation from leaves rather than new uptake. When the N requirements of developing
kernels exceed the supply capacity of roots, the resulting N deficit triggers leaf protein
catabolism and the transfer of the resulting nitrogen to the seeds [38], and this was observed
in our foliar treatments, as highlighted by the lower N content in straw at harvest.

From an environmental point of view, foliar fertilization is expected to increase NUE
greatly, and this was confirmed in our study, with a decreasing hierarchy among treatments
as the amount of nitrogen increased. The best treatment was F-96, with 68–71.1 kg of grains
per kg of supplied N, while the net productivity of N supplied with the conventional
soil fertilization was very low. This result mainly depended on improvements in N uptake
efficiency, although there was seldom an increase in N utilization efficiency, as in the 2nd year
with F-96 and urea as a fertilizer. We preliminarily ascertained that the fraction of liquid N
fertilizer retained by the wheat canopy at common irroration volumes (~400 L ha−1) ranged
from 50% (tillering) to 95% (flowering stage). As a consequence, the overall N leaf retention
was estimated to be generally very high, 76%, 82% and 85% in F-96, F-104 and F-120,
respectively. Great environmental benefits are therefore expected by managing the whole
N fertilization by foliar applications.

As regards the two fertilizers, i.e., UAN and urea, many agronomic and qualitative
parameters of the grains were better improved with urea compared to UAN. We suspect
that a prevailing assimilation of nitrates and ammonium compared with urea may occur
within leaves, as they act mainly as sinks. However, it cannot be excluded that urea
can be absorbed by leaves better than ammonium nitrate as a consequence of the higher
permeability of the leaf cuticle to urea (10 to 20 times) compared to inorganic ions [3,39].
However, other authors reported no variations in GPC and quality related to the fertilizer
choice, with changes in gluten composition mainly affected by fertilization timing and
methods [37].

From an economic point of view, the foliar fertilization protocol here proposed re-
quired one additional application compared to local conventional soil fertilization man-
agement, as the others can be combined with agrochemical applications (e.g., herbicides,
fungicides and insecticides), with only slightly higher application costs [36]. A bottleneck
to the broad introduction of this technique could be represented by the higher cost of the
liquid nitrogen form, which is 4–5 times higher than solid granular fertilizers. However,
this can be mitigated by preparing nutrient solutions directly on the farm using technical
urea with low biuret content. In any case, the higher economic costs associated with
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foliar fertilization could be compensated by agronomic advantages under dry periods, and
environmental benefits linked to reduced N leaching under high rainfall.

5. Conclusions

Foliar N fertilization with reduced doses has the potential to maintain high yield and
quality standards in common wheat, the performance being comparable with conventional
soil fertilization with granular fertilizers or even slightly higher in our specific environment
with a fertile soil. The small amount of N reaching the soil with foliar fertilization sustains
high N absorption and use efficiency by wheat. It would also be expected to lead to
improvements in the bread-making properties of flour, related to the better grain protein
content and amelioration of gluten composition, depending on the N dose. It is concluded
that the implementation of a fertilization protocol based exclusively on foliar applications
should consider an increasing dose of N as the growing stages proceed, using preferentially
urea as a fertilizer. While weather conditions may moderately affect the agronomic results,
relevant beneficial environmental effects are expected by reducing the nitrogen load on the
fields by 25–40%. There surely is large scope for optimizing the foliar fertilization protocol,
by considering further growing seasons and climatic conditions, as well as various soil
conditions and crop management strategies (e.g., forecrop, soil tillage, variety choice).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11112138/s1. Figure S1: Monthly mean temperatures (A) and precipitation (B) across
the two growing cycles of wheat at the experimental farm of the University of Padua (Legnaro, Italy).
Figure S2: Photographic survey on 10 flag leaves randomly taken from each thesis at 7 days after the last
N foliar application (flowering stage) during the 1st year (14 May 2019) (A) and 2nd year (13 May 2021)
(B) trial. Figure S3: Fraction of burned leaf length (% ± S.E.; n = 3) in wheat under different foliar
N fertilizations in 2019–2020 (2nd year) with leaf spraying (F) at various N doses supplied as urea.
Inside bars: % variation vs. conventional management C-M. Letters: significant differences among
treatments (Newman–Keuls test, p ≤ 0.05). Figure S4: Principal component analysis (PCA, top right)
with variable loadings (in bold > |0.4|); bottom) and multigroup discriminant analysis (MDA; top
left) under different N fertilization treatments with UAN as foliar fertilizer. In MDA, circles contain
100% of cases. Table S1: Pearson correlation coefficients among yield and quality parameters in wheat
under different foliar N fertilization treatments and conventional soil fertilization in a two-year field
trial with UAN and urea as fertilizers.
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