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Abstract: Precision fertilization is a promising mitigation strategy to reduce environmental impacts
of N-fertilization, but the effective benefits of variable-rate fertilization have not yet been fully
demonstrated. We evaluated the short-term response (23 days) of GHGs emissions following variable-
rate fertilization on barley. Yields, biomass (grains + straw) and different N-use indicators (N uptake,
grain protein concentration, recovery efficiency, physiological efficiency, partial factor productivity of
applied nutrient, agronomic efficiency and N surplus) were compared. Four N fertilization treatments
were performed: (i) conventional– 150 kg ha−1; (ii) variable with granular fertilizer; (iii) variable with
foliar liquid supplement; (iv) no fertilization. According to proximal sensing analysis (Greenseeker
Handheld) and crop needs, both variable-rate treatments accounted for 35 kg N ha−1. Cumulative
GHGs emissions were not significantly different, leading to the conclusion that the sensor-based N
application might not be a GHGs mitigation strategy in current experimental conditions. Results
showed that both site-specific fertilizations ensured the maintenance of high yields with a significant
N rate reduction (approximately by 75%) and a N use improvement. Variable-rate N fertilization, due
to similar yields (~6 tons ha−1) than conventional fertilization and higher protein content in foliar
treatment (14%), confirms its effectiveness to manage N during the later phases of growing season.

Keywords: carbon dioxide; methane; nitrous oxide; NDVI; proximal sensing

1. Introduction

The overuse of fertilizers in agriculture has been considered one of the major concerns
in the public and private sectors, causing environmental pollution [1,2]. In particular, the
goal of the Green Deal and European Commission is to decrease the use of nitrogen (N) by
at least 20% by 2030 [3,4]. In the last few decades, the excessive use of the element led to
undesirable consequences for soil (acidification process), for water (N leaching) and for at-
mosphere (greenhouse gasses emissions) [5]. In particular, it is reported that approximately
20–50% of the applied fertilizer is lost either as greenhouse gasses (GHGs) (e.g., methane
and nitrous oxide) or other reactive N species (e.g., ammonia) [6]. N management is mainly
responsible for atmospheric losses of soil organic C as carbon dioxide (CO2) and methane
(CH4) through both increased respiration [7] and nitrous oxide (N2O), with a Global Warm-
ing Potential (GWP) of 28 CO2eq for CH4 and 265 CO2eq for N2O [8]. It is estimated
that from 1% to 1.25% of the total N applied to arable soils is annually lost as N2O [9],
making N fertilization of crops one of the principal sources of N2O emissions [10–12]. The
analysis of different scientific reports (meta-analysis of 23 studies) showed that there is no
specified dose–response effect for N2O emissions [13]. Authors reported that, regarding the
formulation, nitrate (NO3

−) fertilizers were predominantly responsible for N2O emissions
compared to other N compounds. Generally, N fertilization also triggers CO2 emissions
which are, however, affected by soil characteristics, soil microbial community and fertilizer
type [14,15]. Regarding CH4, the emission rates appear to be influenced by N fertilization,
but results are contradictory [16,17]. Understanding the dynamics of C and N pools is cru-
cial in supporting the development of mitigation strategies in agriculture. However, in the
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literature there are some inconstancies reporting that rate and time of GHGs emissions are
influenced by the amount of N fertilizer applied each time and the pedoclimatic variability
over the field [18,19].

In light of this, researchers and policy makers moved towards the adoption of climate-
smart technologies and sustainable techniques, able to enhance crops’ nitrogen use effi-
ciency [20]. These management practices generally improve the nitrogen use efficiency
(NUE) by providing better synchronization of crop N demand with N supply and have,
therefore, been adopted for enhancing yield while decreasing N emissions and other
losses [21]. Many studies have been recently carried out on the reliability of optical sensors
used in precision farming to estimate the crop N requirements [22,23]. Due to the ability to
rapidly assess the crop N content, the use of proximal sensors is a promising approach for
small scale N application [24,25]. Proximal optical sensors are classified as remote sensing
instruments in which the sensors are placed near the crop, indirectly assessing the crop’s
N status through the measurement of radiation reflectance indices [26]. The advantages
of proximal sensors are that they use often their own source of energy (i.e., active sensors)
minimizing the effects of ambient light conditions on reflectance readings. Moreover, they
can be used any time during the growth cycle over open field or closed environments,
they are not time-consuming and they can be included in fertilizer decision-making meth-
ods [27,28]. One of the most popular tools is the Greenseeker (GS; Trimble Inc., Sunnyvale,
CA, USA), that has been commonly used for in-season site-specific N management [29,30].
The measurements on the crop canopy during the growth cycle provide information about
the amount of N requested by the plant to achieve the same nutritional status of plants
cultivated under non limiting conditions (N rich-strip), by applying a specifically devel-
oped algorithm [31]. The GS emits light in the red and near-infrared (NIR) wavelengths,
used to calculate the Normalized Difference Vegetation Index (NDVI) [29]. Many studies
have been carried out on the positive effect of site-specific N management on cereal yield,
quality and economy for the farmer [32]. However, the GHGs emission mitigation effect of
site-specific fertilization has to be investigated, due to a lack of information [33].

The aim of our study is to analyze the short-term GHGs emission dynamics by compar-
ing different N fertilization strategies. The research is questioning if applying a suggested or
conventional N rate in topdressing, there is a significant response in C and N volatilization
rate in a short time after the application.

2. Materials and Methods
2.1. Experimental Design

The research was conducted at the experimental farm (WGS84, 43◦47′ N; 11◦13′ E, 50 m
a.s.l.) of the Istituto Tecnico Agrario Statale (ITAGR), Firenze, Italy, for the growing season
2018–2019. The experiment was carried out in 12 cylindrical tanks of 1 m3 (height of 90 cm)
filled with soil from experimental fields of CREA ABP (Scarperia, Firenze—43◦58′56” N,
11◦20′53” E) (Table 1). The original soil profile was maintained in the tanks [34]. The tanks
were of a dimension that allowed crop roots to grow unrestricted. In fact, Fan et al. [35]
reported that, on average, 50% of the total root amount in barley was sited within the upper
0.12 m soil profile, 67–76% of roots can be found within the upper 0.3 m and 95% of the
total root amount was accumulated within 0.99 m. Further, Poorter et al. [36] suggested
that pots with a plant biomass to soil volume ratio of less than 1 g L–1, such as in our case,
had a plant biomass to soil volume ratio of the same order of magnitude as those of plants
growing in the field.

Barley (Hordeum vulgare, L.) was sown on 25th October 2018 with a plant density of
400 seeds m−2 and a row spacing of 0.1 m. Four N fertilization treatments were carried
out in triplicate as follows: no N fertilization (Control) (0 kg N ha−1); a locally adopted N
fertilization rate (CF) (150 kg N ha−1) with ammonium nitrate; a variable N application
rate based on optical sensor measurements (GS Handheld) with ammonium nitrate (VAN);
a variable N application rate based on optical sensor measurements with a foliar liquid
N fertilizer supplement (VFN), from Cifo®. A N rich-strip tank, with no limiting N
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(200 kg ha−1), was used as a reference to calibrate the GS. Fertilizers were distributed
during the final phase of stem elongation (BBCH 39; 8 April 2019) for all treatments. Barley
was manually harvested at physiological maturity on the 17 of June 2019. Daily rainfall
(mm), maximum, average and minimum air temperature (◦C), and atmospheric pressure
(bar), respectively, were monitored by an automatic weather station placed in the vicinity
of the experimental field.

Table 1. Main soil physical parameters and N content at the 0–30 cm soil depth.

Unit

Total N % 0.152 ± 0.014
Clay % 23.1
Sand % 46.8
Silt % 30.1

Bulk density g/cm3 1.08

2.2. In-Field Estimation of Nitrogen Requirements Using Proximal Sensing

The optical sensor used in this experiment was the Greenseeker Handheld, that emits
a brief burst of radiation from red (Red; 660± 15 nm) and near-infrared (NIR; 770 ± 15 nm)
light-emitting diodes (LEDs) to accumulate reflectance data with no atmospheric distur-
bance. The NDVI is measured pushing a button over the device and data are registered on
a liquid crystal display (LCD).

Through the GS measurements, the specific barley’s N requirements at local pedocli-
matic condition were assessed.

The GS measurements were performed by holding the instrument 0.6 m over the
crop canopy and averaging 3 measurements per tank. The variable top-dress N rates
for the VAN and VFN treatments were estimated through the N optimization algorithm
proposed by [37]. The N rich-strip was used as reference for non-limiting N (NDVIref)
and the Trimble Fertilization Chart was used to calculate the N rate. NDVI values were
measured by means of GS on 6 April 2019. The procedure is reported in [38]. According to
GS measurements and the Trimble Fertilization Chart analysis, the estimated N rate for
both VAN and VFN was 35 kg N ha−1. Matching the NDVIref with NDVI measured from
the variable-rate tanks it was possible to obtain the normalized rate value. The normalized
rate value was multiplied by the crop factor for barley to determine the N rate required
by crops.

2.3. Soil GHGs Emission Measurements and Flux Estimation

Gas emissions were monitored for 23 days after fertilization, once a day for the first
5 days and once a week for the remaining period (avoiding the rainy days). An interpolation
was performed to estimate the missing values from days where measurements were not
performed [34]. The measurements were carried out mid-morning, when the temperatures
were closer to the daily average [39]. The soil CO2, CH4 and N2O emissions were measured
using the static chamber method and a gas analyzer XCGM 400 (Madur Sensonic) [34].
Emission fluxes were then calculated using gas concentration (ppm), chamber volume
and area, molar weight of each gas and closing time. The rate of CO2, CH4 and N2O
emissions were reported in term of carbon (C) and N per unit area (kg C ha−1 and kg N
ha−1), respectively.

2.4. Crop Analysis and Nitrogen Fate within the Soil-Plant System

Crop analysis was carried out to assess the effect of different fertilization strategies
in terms of yields and N uptake. Crop performances’ assessment provided a cross-check
on barley development and health status. At harvest, the straw and grain were separately
collected from each tank and oven-dried (80 ◦C; 48 h). Dried samples were weighed
to determine the straw biomass (SB; kg ha−1), grain yield (GY; kg ha−1) and the total
biomass (TB; kg ha−1). From each tank, the N content in straw (Ns; %) and grains (Ng;
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%) was determined in triplicate using a CHN analyzer (Flash EA 1112; ThermoFisher,
Waltham, MA, USA). Crude protein concentration (Pc; %) was calculated by multiplying N
concentration by 6.25 as reported in [40].

The main N indicators used to assess crop response to fertilization are: N uptake
(Nup; kg ha−1); Partial Factor Productivity of applied nutrient (PFP; kg grain kg−1 N) [41];
Recovery Efficiency (RE; kg total biomass kg−1 N), Agronomic Efficiency (AE; kg total
grain kg−1 N) and Physiological Efficiency (PE; %), (Equations (1) to (5) [42]).

Nup = (Ns × SB) + (Ng × GY) (1)

PFP = GY × Nrate−1 (2)

RE = (Nup fertilized treatments − Nup control) × Nrate−1 (3)

AE = (GY fertilized treatments − GY control) × Nrate−1 (4)

PE = GY × Nup−1 (5)

A N surplus indicator (Nsur; kg ha−1) was also calculated [43] (Equation (6)):

Nsur = Nrate − Nup (6)

2.5. Statistical Analysis

Analyses of variance (ANOVAs) were performed using the R statistical program to
determine treatment and N rate effects on yield, N content and N indices. All statistical
comparisons were made at the p < 0.05 probability level unless otherwise stated. Significant
differences were evaluated by a method of multiple comparisons with the Tukey honest
significant difference (Tukey-HSD) test.

The Shapiro–Wilk’s test was used to investigate the normality of the GHG flux data.
As GHG fluxes did not show normal distribution, statistical differences between means
were checked by means of the Kruskal–Wallis (K-W) test (p < 0.05). Then, pairwise multiple
comparisons were performed by means of Dunn’s post-hoc tests, with Bonferroni’s p value
adjustment method.

3. Results and Discussions
3.1. Meteorological Conditions during the Study Period

The cumulative rainfall during the entire growth period was 460 mm. The rainfall
was mainly concentrated between October and December, and between April and May,
respectively, with the highest monthly cumulative rainfall in May, at the ripening stage
of the barley. No rainfall occurred in January and February, while only a total of 6 mm
occurred in March, corresponding to the tillering and stem elongation phases. The average
temperature during the growing season was 14 ◦C. The coldest period occurred between
December and January, followed by an increase in average daily temperatures during the
spring. The highest average daily temperature was measured at the end of June (Figure 1).

3.2. Carbon Dioxide Fluxes

The cumulative CO2 emissions for the whole period are reported in Table 2. No
statistical differences were observed for the CF and VAN treatments in comparison to the
Control. The VFN was significantly lower than CF and VAN on day 1 (8 April 2019), and
then significantly higher than the Control on day 17 (24 April 2019) (Figure 2). The CO2
emission maximum peak was observed on different days depending on the treatment. For
the Control (60 kg C ha−1), the peak was measured on the fourth day after fertilization, for
the CF (91 kg C ha−1) the peak was on the first day, while for both VFN (92 kg C ha−1) and
VAN (86 kg C ha−1) the peak was measured on the eleventh day.
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Table 2. Cumulative emission of CO2, CH4 and N2O for different treatments.

Treatment (1) Cumulative CO2 Flux
(kg C ha−1)

Cumulative CH4 Flux
(kg C ha−1)

Cumulative N2O Flux
(kg N ha−1)

Control 1066 ± 359.52 b 5.42 ± 0.65 a 0.08 ± 0.03 c
CF 1624 ± 268.78 a 4.22 ± 0.10 b 0.25 ± 0.08 ab

VAN 1455 ± 145.60 a 4.52 ± 0.90 ab 0.33 ± 0.05 a
VFN 1632 ± 178.22 a 4.22 ± 0.76 b 0.20 ± 0.10 b

(1) Control (no nitrogen); CF (conventional fertilization); VAN (variable-rate fertilization with foliar liquid N
fertilizer); VFN (variable-rate fertilization with ammonium nitrate). Values (mean ± SE) followed by different
letters within each column are significantly different at the probability level of 0.05. Different letters indicate
significant difference, according to Dunn’s post-hoc test (p < 0.05), between treatments.

Significant differences in cumulative fluxes were measured between the Control and
the other treatments. Cumulative data encompassed a 23-day period as reported in Mate-
rials and Methods (9 days of actual measurements). The lowest and highest rates of CO2
cumulative fluxes were registered in the Control and the VFN treatments, respectively.
However, no significant difference were measured between fertilized treatments (Table 2).

The results suggested that fertilization was the driving factor in soil CO2 emission
dynamics regardless of the physical form of the fertilizer. Januskaitiene and Kaciene [44]
showed that foliar fertilization on barley enhanced the photosynthetic rate, leading to
an increase in growth and yield as a result of a positive effect on metabolic microbial
activity [45]. Solid N fertilizers, from CF and VAN, produced similar cumulative CO2
emissions flux to VFN still encouraging crop development and growth that were higher
than the Control. Despite the higher N rate of CF, no differences were observed on CO2
emissions compared to variable-rate treatments. This is probably due to an overabundance
of N that inhibited soil microbial respiration limiting CO2 emissions fluxes only from root
respiration process [46,47].
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In our experiment, emissions appeared to be more related to other factors than to the
N rate. In general, CO2 production is suggested to be mostly regulated by the interactions
among vegetation type, soil temperature, soil moisture, root activity and other factors [48].
Soil temperature and moisture are assumed to be the most important drivers [49]. In line
with this, CO2 emission dynamics in this experiment were positively and significantly
(p < 0.05) correlated with temperature, probably due to an increase in the decomposition of
the fertilizers caused by the mineralization process [50]. Therefore, in the fertilized plots,
we observed a higher emission variability compared to the Control where, from day 10 to
23 (from 17 April 2019 to 30 April 2019), the daily emissions had an almost constant rate.
In the present study, the highest emission peaks for the N-fertilized plots were evident
after rainfall events on day 11 (18 April 2019) and day 17 (24 April 2019) (Figure 1). These
results corroborated previous studies, where the largest emission peaks were suggested
to be induced by rainfall [51]. This was probably due to the respiratory activity in the
soil occurring in all treatments following the degradation of organic matter and nutrients
contained in the soil from residues of the previous crop [52].

3.3. Methane Fluxes

CH4 fluxes were generally lower than CO2 throughout the monitoring period (Figure 3).
No statistical differences were evident in the daily emissions, showing only an independent
significant (p < 0.05) trend for the Control compared to the VFN treatment on Day 1
(8 April 2019). For the VAN, VFN and Control treatments, the emission peak occurred on
the fourth day (0.50, 0.47 and 0.56 kg C ha−1, respectively), while for CF it was on the fifth
day (0.45 kg C ha−1).

The cumulative CH4 emission fluxes for the entire period are reported in Table 2. The
analysis of cumulative fluxes showed the highest CH4 emissions for the Control treatment
and the lowest for VFN. However, differences were not significant. In this case, temperature
and rainfall during the monitoring period (Figure 1) might have been played a greater role,
especially the wet soil conditions.
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A reason for the lowest CH4 flux in the N foliar fertilization might be the modification
in root exudates, commonly induced by its effect on the carbohydrate spectrum [53]. These
observations validate the hypothesis that CH4 fluxes are not influenced by N fertilization,
as was reported by [54]. Similarly to our observations, the authors of [55] reported no
significant effects of N fertilization on CH4 emission dynamics in a long-term experiment
on barley. The higher CH4 emissions for the Control compared to the CF treatment may be
due to a response in CH4 uptake by the fertilized plots. In fact, a positive correlation exists
between CH4 uptake and N fertilization [56].

Although N fertilizers may regulate CH4 emissions from soils [57], our results sug-
gested that other factors, such as plant community structure, plant litter and roots have
an important influence [58]. In addition, soil CH4 production requires strictly anaerobic
conditions and correlates positively with soil humidity [59].

3.4. Nitrous Oxide Fluxes

On Day 1 (8 April 2019) and 3 (10 April 2019) a significant difference in N2O flux was
observed among treatments, having the highest emissions for VAN (0.079 10−3 kg N ha−1)
on the first day and the highest emissions for VFN (0.062 × 10−3 kg N ha−1) on the third
day (Figure 4). From day 11 (18 April 2019), the VAN showed the highest emission rate
that was significantly higher than the Control and CF, respectively. The VAN was also
significantly different on Day 17 from the VFN (0.004 × 10−3 kg N ha−1). At the end of the
sampling period, a general reduction in emissions was observed. N2O emissions from the
Control were produced only at the beginning of the sampling period, for 4 days, and this is
probably due to the intrinsic soil N content (Table 1). The cumulative N2O emission fluxes
for the entire period are reported in Table 2.
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Despite the highest cumulative flux measurements reported for the VAN compared
to the Control, the results were not significantly different (Table 2). Results showed that
emission dynamics were not significantly influenced by fertilizer treatment, even if the
lowest level was registered for the Control. Chen et al. [60] reported that N mineral
fertilization increased the net nitrification rate and N2O release simultaneously, suggesting
that N2O production was mainly due to ammonia oxidation. In this experiment, the
highest emissions were registered after fertilization, but no significant variations were
registered after the respective rainfall events. In particular, three days after fertilization, a
N2O emission peak was observed in all treatments, corroborating previous observations
by [61] and [52]. The variable results and the high standard mean error (Figure 3) were also
reported by [62], where high coefficients of variation for N2O emissions after fertilization
were reported. As N2O is produced from both denitrification and nitrification processes
in soils, the heterogeneity in emissions might be due to a differing distribution of related
microorganisms [63].

The low N2O emissions measured in our experiment were primarily because the
barley crop consumed a relevant amount of N. In this sense, plant N uptake significantly
reduced available N for denitrification with a consistent reduction in N2O emissions [11,64].
Moreover, the low temperatures during the monitoring period (Figure 1) significantly
hampered N2O emission dynamics, as was also reported by [11].

3.5. Crop Yield and N Content under Different Fertilizer Sources and Rates

In N-fertilized plots, GYs were significantly higher compared to the Control, ranging
from 5.45 to 6.86 t ha−1 (Figure 5). The yield increases due to N fertilization were 23%,
55% and 40% in the CF, VAN and VFN treatments, respectively, compared to the Control
(4.42 t ha−1). There was no significant difference between the two variable-rate treatments
(Figure 4), in which the same N amount was used, but in different forms. Significant differ-
ences were found between the two variable treatments and the Control for SB (Figure 5).
GY and SB measurements for the Control were similar to those obtained in CF, where
150 kg N ha−1 was supplied.
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Figure 5. Effect of different N treatments on grain yield (GY) and straw biomass
(SB) (t) of barley cultivated during the season 2018/2019. Control (0 kg N ha−1); CF
(conventional fertilization—150 kg N ha−1); VAN (variable N application rate with ammo-
nium nitrate—35 kg N ha−1); VFN (variable N application rate with a foliar liquid N
fertilizer—35 kg N ha−1). Different letters indicate significant difference, according to Dunn’s post-
hoc test (p > 0.05), between treatments.

The variable-rate treatments produced the highest GY, even though the amount of
fertilizer was five-fold less than the CF treatment. This is due to a higher efficiency of
N utilization and initial soil conditions (Table 1). This result confirms the capacity of
the crop sensor to assess the real N requirements from plant growth measurements in
mid-season [65]. Colaco et al. (2018) [66] observed that using sensor-based technology for
identifying the period of maximum crop demand, yields increased by 17% compared to
conventional methods. This is in accordance with our previous study [67] in which we
observed that performing fertilization at the right growing stage allows a reduction of 50%
in the N rate while maintaining high yields of barley. The relevance of the rational use
of fertilizers was highlighted by [68] who observed that on reducing the N rate on sweet
potato by 20%, yields increased by 16.6–19% compared to conventional doses. In this study,
yields are principally affected by a more efficient application rate, rather than the N source,
and the initial soil N content. In addition, the similar crop productivity response obtained
under both the Control and CF, supports the hypothesis that over-fertilization of barley in
moderately N-rich soils did not increase crop yield.

Total N uptake of fertilized treatments was two-fold higher in the VAN and VFN
compared to the Control (Table 3). Significant differences were observed between the
CF, Control and variable-rate plots, respectively, according to the Tukey comparison tests
(Table 3). However, differences were not observed between the VFN and VAN treatments.
N indices were higher for variable-rate treatments (VAN and VFN) in comparison to that
of the CF, for both N source and rate (Table 3).

It was previously reported that increasing the N rate reduces the N uptake efficiency
and increases the probable loss of residual N [69]. The significantly higher N surplus of the
CF treatment would potentially be either stored in soil or lost through leaching, thereby
rendering the over-fertilization of the crop as an environmental issue of great concern [70].
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Table 3. Effect of Treatments (Nrate + Source) and Nrate on crop N uptake (Nup), N surplus (Nsur),
Physiological Efficiency (PE), Agronomic Efficiency (AE), partial factor productivity of applied
nutrient (PFP), Recovery Efficiency (RE).

Treatment Nup
(kg ha−1)

Nsur
(kg ha−1)

PE
(kg kg−1)

AE
(kg kg−1)

PFP
(kg kg−1)

RE
(%)

Nrate
+

Source

Control 76 ± 2.71 b −76 ± 2.71 b 57 ± 4.86 - - -
CF 115 ± 30.56 b 40 ± 21.94 a 48 ± 6.31 8 ± 6.34 b 36 ± 6.34 b 0.26 ± 0.20 b

VAN 135 ± 9.70 a −106 ± 21.21 b 50 ± 1.59 81 ± 6.34 a 228 ± 18.04 a 2.01 ± 0.70 a
VFN 143 ± 16.08 a −113 ± 21.92 b 43 ± 5.35 60 ± 6.34 a 207 ± 15.79 a 2.26 ± 0.73 a

Nrate 0 76 ± 2.71 c −76 ± 2.71 b 57 ± 4.86 - - -
35 140 ± 19.72 a −110 ± 19.72 b 47 ± 5.75 70 ± 19.10 a 218 ± 19.10 a 2.13 ± 0.65 a
150 109 ± 21.94 b 40 ± 21.94 a 48 ± 6.31 8 ± 6.34 b 36 ± 6.34 b 0.26 ± 0.20 b

ANOVA
Nrate + Source ** *** NS *** *** **

Nrate *** *** NS *** *** ***

Control (no nitrogen); CF (conventional fertilization); VAN (variable-rate fertilization with foliar liquid N fertilizer);
VFN (variable-rate fertilization with ammonium nitrate). Values (mean ± SE) followed by different letters within
each column are significantly different at the probability level of 0.05. ANOVA has been performed for Treatment
(Nrate + Source) and Nrate—means no data. The symbols ** and *** indicate significant levels for p < 0.05 and
p < 0.01, respectively

Based on the present results, we may conclude that the use of proximal sensors is an
effective strategy to improve N uptake by crops. The lowest values for the N indicators
observed under the CF treatment evidenced that the N supplied with traditional practices
often exceeds the requirement of the crop. In general, the use of proximal sensors to manage
N fertilization results in higher NUE in comparison to traditional practices, while maintain-
ing similar yields [38]. Tubaña et al. (2008) [71] showed that midseason N application on
corn, driven by remote sensors, could improve NUE. Similarly, the authors of [72] found
that optical sensor-based N management in wheat significantly reduced the N application
rates, enhanced N uptake and decreased the apparent N loss, without significant yield
decreases. In our research, RE, AE and PFP all decreased with the increasing N rate, as was
also reported by [73]. Furthermore, from the analysis of PE, no significant differences were
observed between treatments, showing that there is a limit to N use by plants, above which
there is no N uptake [74]. Our results indicated that the use of remote or proximal sensors
contributes to a more efficient use of N compared to conventional fertilization strategies.
Other studies showed that the use of sensor-based N management approaches permits the
improvement of NUE and yield in comparison to conventional fertilization [38,71,75].

The results for grain Pc are reported in Figure 6. The highest Pc and Ng were found
in the VFN (14% and 2.30%) followed by the CF (13% and 2.10%) and the VAN (12% and
1.98%) treatments, respectively. The Control showed the lowest amounts of Pc and Ng
(10% and 1.74%), significantly different only from the VFN treatment. The Control, VAN
and CF treatments did not significantly diverge, even though the applied N rates were
significantly different.

Foliar fertilization may strongly influence root growth and soil N uptake [76], inducing
a higher protein concentration in the grain. The rate and the source in VFN stimulated
a significant production of Pc in comparison to the other treatments. Despite the low N
rate of foliar application, barley under VFN produced the same Pc than CF, confirming the
suitability of the variable-rate strategy to optimize N fertilization efficiency. Invariably, the
efficacy was influenced by the fertilization time, supplied late during the crop growth. Foliar
N applications are readily available for crops, due to the leaf absorption [77]. Moreover,
N supplied later in the vegetative season may be more efficiently stored in the grains and
less in the vegetative parts [78]. Accordingly, the authors of [79] reported that foliar N
fertilization in post-pollination was able to enhance protein content approximately 70%
of the time when the yield goal was exceeded in wheat and other crops. Instead, the
authors of [80] reported that top-dress granular N fertilization produced a higher protein
accumulation than foliar application on wheat. Nevertheless, both granular and foliar N
application treatments provided higher results than the Control. Further research, related
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to the influence of the interactions of both N rate and source on cereal Pc, using precision
fertilization, is a requirement.
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4. Conclusions

Precision fertilization is an effective way of optimizing the use of resources, as N,
by synchronizing the crop requirements with the nutrients’ supply, thereby reduces the
environmental impacts of fertilization. If this is true for what concerns the impacts from
the production process, due to the reduced amount of used fertilizers, direct GHGs emis-
sions from the soil are highly dependent on site-specific pedoclimatic conditions. This
preliminary study suggests that precision fertilization does not lead to a reduction in GHGs
emission fluxes in the short term under the current experimental conditions. Despite
using one-fifth of N in precision fertilization treatments (VAN and VFN) compared to
conventional (CF), the cumulative emissions of the three considered gases (CO2, CH4 and
N2O) are similar. External weather conditions (temperature and precipitation trends) and
intrinsic soil N content, probably outweighed fertilization thereby masking its effect.

The analysis of the N indicators confirms the role of precision fertilization to reduce the
amount of fertilizers while maintaining high yields and increasing environmental performances.

This kind of study can provide crucial information on the understanding of GHGs
emission dynamics in the short term under specific environmental conditions and crop
growth stages. This will allow for the adjustment of fertilization towards a synchronization
on crop requirements contributing to the sustainable development of agriculture.
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44. Januskaitiene, I.; Kacienė, G. The effect of foliar spray fertilizers on the tolerance of Hordeum vulgare to UV-B radiation and
drought stress. Cereal Res. Commun. 2017, 45, 390–400. [CrossRef]

45. Lange, M.; Eisenhauer, N.; Sierra, C.A.; Bessler, H.; Engels, C.; Griffiths, R.I.; Mellado-Vázquez, P.G.; Malik, A.A.; Roy, J.;
Scheu, S.; et al. Plant diversity increases soil microbial activity and soil carbon storage. Nat. Commun. 2015, 6, 6707. [CrossRef]

46. Ding, W.; Cai, Y.; Cai, Z.; Yagi, K.; Zheng, X. Soil respiration under maize crops: Effects of water, temperature, and nitrogen
fertilization. Soil Sci. Soc. Am. J. 2007, 71, 944–951. [CrossRef]

47. Ramirez, K.S.; Craine, J.M.; Fierer, N. Nitrogen fertilization inhibits soil microbial respiration regardless of the form of nitrogen
applied. Soil Biol. Biochem. 2010, 42, 2336–2338. [CrossRef]

48. Schlesinger, W.H.; Andrews, J.A. Soil respiration and global carbon cycle. Biogeochemistry 2000, 48, 7–20. [CrossRef]
49. Silvola, J.; Alm, J.; Ahlholm, U.; Nykänen, H.; Martikainen, P.J. The contribution of plant roots to CO2 fluxes from organic soil.

Biol. Fertil. Soils 1996, 23, 126–131. [CrossRef]
50. Wang, G.; Zhou, Y.; Xu, X.; Ruan, H.; Wang, J. Temperature sensitivity of soil organic carbon mineralization along an elevation

gradient in the Wuyi Mountains, China. PLoS ONE 2013, 8, e53914. [CrossRef]

http://doi.org/10.3390/agriculture8040048
http://doi.org/10.3389/fpls.2018.01752
http://doi.org/10.3390/rs11091094
http://doi.org/10.3390/s18072083
http://doi.org/10.3390/agronomy11040741
http://doi.org/10.1007/s11119-011-9229-2
http://doi.org/10.1007/s13593-012-0094-9
http://www.nue.okstate.edu/Index_Publications/Nstrip%20brochure.pdf
http://www.nue.okstate.edu/Index_Publications/Nstrip%20brochure.pdf
http://doi.org/10.1007/s11119-017-9515-8
http://doi.org/10.1016/j.agrformet.2019.02.004
http://doi.org/10.1016/j.fcr.2016.02.013
http://doi.org/10.1071/FP12049
http://doi.org/10.2134/agronj2002.8150
http://doi.org/10.2134/cs2018.51.0202
http://doi.org/10.3390/agronomy10081081
http://doi.org/10.2134/agronj2013.0001
http://doi.org/10.1111/j.1365-2389.2009.01217.x
http://doi.org/10.1556/0806.45.2017.030
http://doi.org/10.1038/ncomms7707
http://doi.org/10.2136/sssaj2006.0160
http://doi.org/10.1016/j.soilbio.2010.08.032
http://doi.org/10.1023/A:1006247623877
http://doi.org/10.1007/BF00336052
http://doi.org/10.1371/journal.pone.0053914


Agronomy 2023, 13, 96 14 of 15

51. Carbonell-Bojollo, R.; Veroz-Gonzalez, O.; Ordoñez-Fernandez, R.; Moreno-Garcia, M.; Basch, G.; Kassam, A.; Repullo-Ruiberriz
de Torres, M.A.; Gonzalez-Sanchez, E.J. The Effect of Conservation Agriculture and Environmental Factors on CO2 Emissions in a
Rainfed Crop Rotation. Sustainability 2019, 11, 3955. [CrossRef]

52. Verdi, L.; Mancini, M.; Ljubojevic, M.; Orlandini, S.; Dalla Marta, A. Greenhouse gas and ammonia emissions from soil: The effect
of organic matter and fertilisation method. Ital. J. Agron. 2018, 13, 260–266. [CrossRef]

53. Kimura, M.; Asai, K.; Watanabe, A.; Murase, J.; Kuwatsuka, S. Suppression of methane fluxes from flooded paddy soil with rice
plants by foliar spray of nitrogen fertilizers. Soil Sci. Plant Nutr. 1992, 38, 735–740. [CrossRef]

54. Wu, X.; Liu, H.; Zheng, X.; Lu, F.; Wang, S.; Li, Z.; Liu, G.; Fu, B. Responses of CH4 and N2O fluxes to land-use conversion and
fertilization in a typical red soil region of southern China. Sci. Rep. 2017, 7, 1057. [CrossRef] [PubMed]

55. Plaza-Bonilla, D.; Cantero-Martínez, C.; Bareche, J.; Arrúe, J.L.; Álvaro-Fuentes, J. Soil carbon dioxide and methane fluxes as
affected by tillage and N fertilization in dryland conditions. Plant Soil 2014, 381, 111–130. [CrossRef]

56. Yue, P.; Li, K.H.; Gong, Y.M.; Hu, Y.K.; Mohammat, A.; Christie, P.; Liu, X.J. A five-year study of the impact of nitrogen addition
on methane uptake in alpine grassland. Sci. Rep. 2016, 6, 32064. [CrossRef]

57. Bodelier, P.L.E.; Laanbroek, H.J. Nitrogen as a regulatory factor of methane oxidation in soils and sediments. FEMS Microbiol.
Ecol. 2004, 47, 265–277. [CrossRef]

58. Song, C.; Wang, L.; Tian, H.; Liu, D.; Lu, C.; Xu, X.; Zhang, L.; Yang, G.; Wan, Z. Effect of continued nitrogen enrichment
on greenhouse gas emissions from a wetland ecosystem in the Sanjiang Plain, Northeast China: A 5 year nitrogen addition
experiment. J. Geophys. Res. Biogeosci. 2013, 118, 741–751. [CrossRef]

59. Oertel, C.; Matschullat, J.; Zurba, K.; Zimmermann, F.; Erasmi, S. Greenhouse gas emissions from soils—A review. Geochemestry
2016, 76, 327–352. [CrossRef]

60. Chen, Z.; Wang, Q.; Zhao, J.; Chen, Y.; Wang, H.; Ma, J.; Zou, P.; Bao, L. Restricted nitrous oxide emissions by ammonia oxidizers
in two agricultural soils following excessive urea fertilization. J. Soils Sediments 2020, 20, 1502–1512. [CrossRef]

61. Schils, R.L.M.; van Groenigen, J.W.; Velthof, G.L.; Kuikman, P.J. Nitrous oxide emissions from multiple combined applications of
fertiliser and cattle slurry to grassland. Plant Soil 2008, 310, 89–101. [CrossRef]

62. Jones, S.K.; Famulari, D.; Di Marco, C.F.; Nemitz, E.; Skiba, U.M.; Rees, R.M.; Sutton, M.A. Nitrous oxide emissions from managed
grassland: A comparison of eddy covariance and static chamber measurements. Atmos. Meas. Tech. 2011, 4, 2179–2194. [CrossRef]

63. Davidson, E.A.; Matson, P.A.; Brooks, P.D. Nitrous oxide emission controls and inorganic nitrogen dynamics in fertilized tropical
agricultural soils. Soil Sci. Soc. Am. J. 1996, 60, 1145–1152. [CrossRef]

64. Bouwman, A.F. Direct emission of nitrous oxide from agricultural soils. Nutr. Cycl. Agroecosyst. 1996, 46, 57–70. [CrossRef]
65. Diacono, M.; Rubino, P.; Montemurro, F. Precision nitrogen management of wheat. A review. Agron. Sustain. Dev. 2013, 33,

219–241. [CrossRef]
66. Colaço, A.; Bramley, R. Do crop sensors promote improved nitrogen management in grain crops? Field Crops Res. 2018, 218,

126–140. [CrossRef]
67. Fabbri, C.; Napoli, M.; Verdi, L.; Mancini, M.; Orlandini, S.; Dalla Marta, A. A Sustainability Assessment of the Greenseeker N

Management Tool: A Lysimetric Experiment on Barley. Sustainability 2020, 12, 7303. [CrossRef]
68. Du, X.; Xi, M.; Kong, L. Split application of reduced nitrogen rate improves nitrogen uptake and use efficiency in sweet potato.

Sci. Rep. 2019, 9, 14058. [CrossRef]
69. Vizzari, M.; Santaga, F.; Benincasa, P. Sentinel 2-Based Nitrogen VRT Fertilization in Wheat: Comparison between Traditional and

Simple Precision Practices. Agronomy 2019, 9, 278. [CrossRef]
70. Valkama, E.; Salo, T.; Esala, M.; Turtola, E. Nitrogen balances and yields of spring cereals as affected by nitrogen fertilization in

northern conditions: A meta-analysis. Agric. Ecosyst. Environ. 2013, 164, 1–13. [CrossRef]
71. Tubaña, B.S.; Arnall, D.B.; Walsh, O.; Chung, B.; Solie, J.B.; Girma, K.; Raun, W.R. Adjusting midseason nitrogen rate using a

sensor-based optimization algorithm to increase use efficiency in corn (Zea mays L.). J. Plant Nutr. 2008, 31, 1393–1419. [CrossRef]
72. Li, F.; Miao, Y.; Zhang, H.; Schroder, J.; Zhang, F.; Jia, L.; Cui, Z.; Li, R.; Chen, X.; Raun, W.R. In-Season Optical Sensing Improves

Nitrogen Use Efficiency for Winter Wheat. Soil Sci. Soc. Am. J. 2009, 73, 1566–1574. [CrossRef]
73. Hoseinlou, S.; Ebadi, A.; Ghaffari, M.; Mostafaei, E. Nitrogen Use Efficiency Under Water Deficit Condition in Spring Barley. Int.

J. Agron. Plant Prod. 2013, 4, 3681–3687.
74. Glass, A.D.S. Nitrogen Use Efficiency of Crop Plants: Physiological Constraints upon Nitrogen Absorption, Critical Reviews.

Plant Sci. 2003, 22, 453–470. [CrossRef]
75. Sharma, L.K.; Bali, S.K. A Review of Methods to Improve Nitrogen Use Efficiency in Agriculture. Sustainability 2018, 10, 51.

[CrossRef]
76. Sen, S.; Chalk, P.M. Stimulation of root growth and soil nitrogen uptake by foliar application of urea to wheat and sunflower. J.

Agric. Sci. 1996, 126, 127–135. [CrossRef]
77. Walsh, O.S.; Christiaens, R.J.; Montana, A.P. Foliar-Applied Nitrogen Fertilizers in Spring Wheat Production; MT WERA-103 Committee;

State University, Western Triangle Agricultural Research Center (WTARC): Conrad, MT, USA, 2013; Volume 5, pp. 3–5.
78. Kara, B. Influence of late-season nitrogen application on grain yield, nitrogen use efficiency and protein content of wheat under

Isparta ecological conditions. Turk. J. Field Crops 2010, 15, 1–6.

http://doi.org/10.3390/su11143955
http://doi.org/10.4081/ija.2018.1124
http://doi.org/10.1080/00380768.1992.10416704
http://doi.org/10.1038/s41598-017-10806-z
http://www.ncbi.nlm.nih.gov/pubmed/28874714
http://doi.org/10.1007/s11104-014-2115-8
http://doi.org/10.1038/srep32064
http://doi.org/10.1016/S0168-6496(03)00304-0
http://doi.org/10.1002/jgrg.20063
http://doi.org/10.1016/j.chemer.2016.04.002
http://doi.org/10.1007/s11368-019-02479-0
http://doi.org/10.1007/s11104-008-9632-2
http://doi.org/10.5194/amt-4-2179-2011
http://doi.org/10.2136/sssaj1996.03615995006000040027x
http://doi.org/10.1007/BF00210224
http://doi.org/10.1007/s13593-012-0111-z
http://doi.org/10.1016/j.fcr.2018.01.007
http://doi.org/10.3390/su12187303
http://doi.org/10.1038/s41598-019-50532-2
http://doi.org/10.3390/agronomy9060278
http://doi.org/10.1016/j.agee.2012.09.010
http://doi.org/10.1080/01904160802208261
http://doi.org/10.2136/sssaj2008.0150
http://doi.org/10.1080/07352680390243512
http://doi.org/10.3390/su10010051
http://doi.org/10.1017/S0021859600073056


Agronomy 2023, 13, 96 15 of 15

79. Bly, A.G.; Woodard, H.J. Foliar nitrogen application timing influence on grain yield and protein concentration of hard red winter
and spring wheat. J. Agron. 2003, 95, 335–338. [CrossRef]

80. Blandino, M.; Marinaccio, F.; Reyneri, A. Effect of late-season nitrogen fertilization on grain yield and on flour rheological quality
and stability in common wheat, under different production situations. Ital. J. Agron. 2016, 11, 107–113. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.2134/agronj2003.3350
http://doi.org/10.4081/ija.2016.745

	Introduction 
	Materials and Methods 
	Experimental Design 
	In-Field Estimation of Nitrogen Requirements Using Proximal Sensing 
	Soil GHGs Emission Measurements and Flux Estimation 
	Crop Analysis and Nitrogen Fate within the Soil-Plant System 
	Statistical Analysis 

	Results and Discussions 
	Meteorological Conditions during the Study Period 
	Carbon Dioxide Fluxes 
	Methane Fluxes 
	Nitrous Oxide Fluxes 
	Crop Yield and N Content under Different Fertilizer Sources and Rates 

	Conclusions 
	References

