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Abstract

The current social context requires an increase in food production, improvement of its quality
characteristics and greater environmental sustainability in the management of agricultural
systems. Technological innovation plays a great role in making agriculture more efficient and
sustainable. One of the main aims of precision farming (PF) is optimizing yield and its quality,
while minimizing environmental impacts and improving the efficient use of resources. Vari-
able rate techniques (VRT) are amongst the main management options for PF, and they
require spatial information. This work incorporates maps of soil properties from low induction
electromagnetic measurements into nitrogen (N) balance calculations for a field application
of VRT nitrogen fertilization of ( Triticum durum Desf., var. Tirex). The trial was conducted in
2018-19 at Genzano di Lucania (PZ, Italy) geologically located on the clayey hillsides of the
Bradanica pit and the Sant’Arcangelo basin. Three soil homogeneous areas were detected
through low induction electromagnetic measurements and used as uniform management
zones. The amount of nitrogen fertilizer to be applied by VRT was calculated on the base of
estimated crop nitrogen uptake and soil characteristics of each homogeneous area. Crop
response to VRT was compared to uniform nitrogen application (UA) on the whole field. The
application of VRT resulted in a reduction of 25% nitrogen fertilizer with the same level of
yield respect to UA. Grain protein content, as well as gluten content and N content, were sig-
nificantly higher in VRT than in UA. As a consequence of lower nitrogen input and higher lev-
els of N removal, VRT reached a higher nitrogen use efficiency than UA, and this indicates a
lower environmental impact and a higher economic profitability.

1. Introduction

Effective nutrient management is key for future challenges linked to sustainable development.
Specific issues include avoiding environmental losses and preserving or improving yield and
quality of crops [1, 2].
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Nitrogen is one of the main constraints limiting crop yield [3], especially for cereals where
low nitrogen or poor nitrogen management reduce yield, residual soil fertility, quality and
environmental sustainability [4, 5]. However, the massive use of N fertilizers is harmful for ter-
restrial and water ecosystems, air pollution as well as human health [6], with only 33% actually
used by plants [7]. Nitrogen use efficiency (NUE) is the fraction of applied nitrogen that is
taken up and used by crops, therefore increasing NUE by optimizing times and rates of appli-
cation is crucial for improving sustainable and productive agriculture [4].

Optimizing N may be pursued through timing and choosing stabilised forms of N [8] or
through spatial management [9, 10], or precision dosing based on crop vegetation indices [11].
Different level of soil N mineralization, leaching, volatilization and crop uptake, generate a
spatial variability of N in the soil, justifying the application of variable rate techniques (VRT)
to N fertilization [12]. Durum wheat is a staple in the Mediterranean area where traditional
uniform within-field management results in low time and space efficiency [13]. Precision
farming (PF) supported by the use of different technologies [14-16] is an important approach
to address nitrogen efficiency through differential management in space.

Criteria for fertilizing different zones in the same field vary, and the debate as to whether
lower-yielding field regions should be fertilized with lower or higher rates of N is still under
research [17] and the analysis implies agronomic and economic issues [18].

A classical problem in PF is the definition of uniform management zones, i.e., field regions
within which agronomic practices should be applied uniformly, and different enough from
other regions that management should differ between them. Earlier approaches were based on
the analysis of time-series of data on crop behaviour, such as multi-year yield maps or vegeta-
tion indices [9]. Geophysical mapping of soil properties has proved capable of detecting soil
features related to crop behaviour [11, 19] and more specifically to wheat yield and quality
[20], and has thereafter been used to delineate uniform management zones [21]. Criteria for
incorporating geophysical mapping in PF management range from using geophysical data
alone [22], to coupling them with other properties of fields and crops. The coupling of soil
data and crop yield was used by Guerrero et al. [17] to compare N fertilization strategies in
barley and wheat. The joint analysis of geophysical soil maps and plant properties implies the
need of addressing complex features of different spatial datasets with measures that are
repeated in time [23, 24]. Overall, field zoning for PF is based on spatial data, but new princi-
ples of PF need to be combined with well-defined principles of plant nutrition, soil chemistry
and chemistry of the fertilizer elements. Nitrogen balance is a classical agronomic fertilization
criterion based on predictions of nitrogen uptake considering the actually obtainable yield;
corrections are then applied for soil nitrogen content and interactions between the fertilizer
and the main physical and chemical soil parameters [25].

This work aims to use geophysical soil mapping coupled with differential nitrogen balance
as a basis for the rapid delimitation of uniform management zones for the application of vari-
able rate nitrogen fertilization in durum wheat.

2. Materials and methods
2.1 Field trials

The trial was conducted in 2018-19 at Genzano di Lucania (PZ) latitude: 40.82° N, longitude:
16.08° N. The study area (4,07 ha™*) is located on the clayey hills of the Bradanica grave and
the basin of Sant’Arcangelo (Fig 1).

The soil spatial variability was detected by mean of low induction electromagnetic tech-
nique with a Miniexplorer (GF Instruments Brno-CZ) (Fig 2A) detecting bulk soil electrical
conductivity (Cb) at three depths (0-50 cm, 0-100 cm and 0-180 cm-. The survey was
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Fig 1. Location of experimental site.
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conducted with a distance of 6 m between transects and average measurement distance of 0.8
m along transects (Fig 2B) and Cb values were converted to Electrical resitivity Rho = 1/Cb
(Ohm m). Three electrical resistivity maps were obtained (Fig 3) [17, 18], and values of resis-
tivity were averaged over the three depths. The field was divided in three zones according to
the following average values: zone 1: 23.03 Ohm m, zone 2: 12.81 Ohm m and zone 3: 18.29
Ohm m. The coefficient of variation of resistivity values within each zone was: zone 1: 13%,
zone 2: 12%, zone 3: 11%. The surface areas of the three zones were: area 1: 0.29 ha™'; area 2:
1.9ha';area 3: 1.88 ha™'.

4.00 4.00
2.00 2.00
0.00 0.00

0.00 2.00 4.00 6.00

Fig 2. Soil spatial variability with electromagnetic induction technique. Low induction electromagnetic soil mapping (A, B), miniexplorer, GF Instruments
(A), area tested by the instrument (B).

https://doi.org/10.1371/journal.pone.0267219.9002
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Fig 3. Resistivity maps of experimental field.

https://doi.org/10.1371/journal.pone.0267219.9003

Across the whole field durum wheat (Triticum durum L., var. Tirex) was sown with inter
row spacing of 0,13 m and 250 kg ha™" of seeds were used. Soil tillage consisted in a 40 cm deep
plowing (August 28 2018) and two harrowing (November 11 2018 and December 5 2018). A
pre-sowing fertilization was broadcast applied with 92 kg ha™* of P,O5 and 36 kg ha™' of N.

We tested the hypothesis that variable-rate fertilization is more efficient than uniform appli-
cation by comparing two N fertilization strategies: variable rate (VRT) and uniform (UA) on
three replications in each of the areas identified through soil mapping. The amount of N fertil-
izer to be applied was calculated based on estimated crop N uptake and soil characteristics of
each homogeneous area as follows: crop potential N uptake was estimated based on the crop
yield of previous year in each homogeneous area, and was corrected considering the N contri-
bution provided to the crop by the mineralization of the organic matter. N mineralization was
calculated considering the content of organic matter in the soil profile explored by the roots,
its content in organic N and by the mineralization efficiency which in turn depends on the car-
bon/nitrogen ratio of the soil (1 for C/N < 9; 0,5 for C/N >9, C/N<12). For the VRT treat-
ment, the N doses applied in each area through a variable rate spreader are reported in
Table 1. A dose of 35 kg ha™' of N (UREA 46%) was spread in pre-sowing over the entire field.
At the phenological stage of end tillering, a different rate according to the soil spatial variability
was spread in each area at the end of tillering (Table 1). For each treatment we established

Table 1. Units of N supplied in the different experimental zones.

Distribution mode Zone Dose of N (kg ha™) Dose of N (kg ha™) Niot (kg ha™)
pre-sowing end tillering
Uniform (UA) 1 35 85 120
2
3
Variable Rate (VRT) 1 35 121 156
2 35 63 98
3 35 36 71

https://doi.org/10.1371/journal.pone.0267219.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0267219  April 27, 2022 4/13


https://doi.org/10.1371/journal.pone.0267219.g003
https://doi.org/10.1371/journal.pone.0267219.t001
https://doi.org/10.1371/journal.pone.0267219

PLOS ONE

Geophysical mapping-driven nitrogen fertilization for durum wheat

plots of 2x2 m? replicated three times inside each of the homogeneous areas identified in the
field. In all such plots we applied a dose of N equal to 85 kg ha™ (UA), which corresponds to
the amount generally applied by the farmer, and slightly over the average of the dose of N
applied in the three zones. The fertilizer was manually spread in UA.

2.2 Soil analysis

Following the soil spatial variability determined by electrical resistivity, in each of the identi-
fied homogeneous areas, soil samples were collected at regular grid intervals in triplicate
after the harvest at the depths of 0-40 cm and characterized by conventional analytical meth-
ods according to Page et al. [26]. All samples were air-dried and 2-mm sieved before labora-
tory analyses. Particle size distribution was determined by the pipette method after removing
carbonates and organic matter and the textural class of the soil was identified by the USDA
soil textural classification system [27]. The organic carbon (OC) content was measured by
the Walkley-Black method, and the total Kjeldahl N was determined by the Kjeldahl method.
The available phosphorus (P,,,) was determined by ultraviolet and visible (UV-vis) spectro-
photometry according to Olsen method [26]. The total content of CaCO; was determined by
the gas-volumetric methods (Dietrich-Freuling calcimeter method), whereas the active lime
was extracted with 0.1 M ammonium oxalate and determined by titration with 0.1 M
KMnO,.

In Table 2, the main physico-chemical characteristics for the computation of N fertilization
are reported.

2.3 Biomass yield and grain quality

At the harvest, plant samples on 1 linear meter were taken. Dry biomass weights were deter-
mined by drying samples at 70°C to constant weight. At harvest, was measured yield and its
components (n ears/m?, n seeds/ear, total yield) and grain qualitative parameters (protein con-
tent, specific weight, gluten and yellow index with a FOSS Infratec 1241). On grain and straw,
the N content was measured using a TOC analyzer (soli TOC®) cube, Elementar, Hanau, Ger-
many). Nitrogen use efficiency (NUE) was calculated as the ratio between total N uptake (cal-
culated by multiplying the N concentration for dry biomass) by the crop of each experimental
treatment and N applied with fertilizer [28].

Table 2. Main soil physico-chemical characteristics of the three experimental zones.

Soil Proprieties Zone 1 Zone 2 Zone 3
Sand 2.0-0.05 mm (%) 56 27 32

Silt 0.05-0.002 mm (%) 25 32 31

Clay < 0.002 mm (%) 19 41 37

Soil texture (USDA) Sandy Loam Clay Clay Loam
Total N (g/kg) 0.4 1.1 1.2
Available phosphorus (P mg/kg) 6.0 7.0 10.0
Exchangeable potassium (meq/100g) 0.3 1.1 1.0
Organic matter (%) 0.5 1.9 2.2
Organic carbon (%) 0.3 1.3 1.1

C/N ratio 7.9 9.4 10.2
Cation Exchange Capacity (meq/100g) 14.6 24.6 24.7

pH 8.3 8.2 8.1
Aptitude for wheat cultivation marginal sub-optimal sub-optimal

https://doi.org/10.1371/journal.pone.0267219.t1002

PLOS ONE | https://doi.org/10.1371/journal.pone.0267219  April 27, 2022

5/13


https://doi.org/10.1371/journal.pone.0267219.t002
https://doi.org/10.1371/journal.pone.0267219

PLOS ONE

Geophysical mapping-driven nitrogen fertilization for durum wheat

30

2.4 Statistical analysis

The dataset was analyzed using “the Ime4 package” of the “R” statistical software, version 3.6.3
[29]. After testing the basic assumptions of analysis of variance (ANOVA) as the normal distri-
bution of the experimental error by Shapiro-Wilk’s test together and the homoscedasticity by
means of the Levene test, the ANOVA model was performed. A split-plot design with three
replicates considering zone, N fertilization (UA, VRT), zone x N fertilization has been used.
All the factors were considered as fixed, while the replicates as random. The statistical signifi-
cance of the difference among the means was determined using Tukey’s honest significance
difference post hoc test at the 5% probability level.

3. Results
3.1 Weather conditions

Temperature and precipitation recorded during the wheat growing period (October 2018 to
June 2019) are reported in Fig 4. Heavy rainfall occurred in the period October-December
2018 (171.20 mm from 1/10 to 17/12), and this caused sowing on wet soil. Soil compaction
due to wet conditions, resulted in a reduced emergence, and therefore a low density of plants
and ears, particularly on the clay soil of zone 2.

January to February, were characterized by high temperature, with maximum temperatures
reaching 20°C (Fig 4). From mid-April, the rains were prolonged and of strong intensity,

40
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Fig 4. Weather conditions. Monthly average precipitation and temperature during the study period of winter wheat growing cycle (October 2018

to June 2019).

https://doi.org/10.1371/journal.pone.0267219.9004
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exposing the crop to potential damage during the delicate phase of earing. The end of the vege-
tative cycle took place with high temperatures and almost total absence of precipitation.

3.2 Yield response

The total biomass and grain yield of zone 2 was significantly lower respect to that of both
zones 1 and 3 (Table 3). Regarding straw yield, differences were significant between zones 2
and 3 only, whereas the number of ears m™ was significantly different between all zones.

A significant relationship was found between the density of ears and grain yield across
zones (Fig 5). No significant differences were detected between UA and VRT for yield parame-
ters, in spite of different amounts of N applied with the two treatments.

Also, interaction of zone and N application method were not significant except for density
of ears in zone 2 only, where differential application of N resulted in a significantly higher
number of ears m-2 (Table 3).

3.3 Grain quality and nitrogen use efficiency

The qualitative grain traits measured at harvest are reported in Table 4. Zone 1 showed a sig-
nificantly higher content of grain protein, yellow colour, gluten, and N compared to both
zones 2 and 3. N uptake calculated on the basis of total straw + grain removal was lowest in
Zone 2, whereas NUE showed a significant interaction between zone and distribution mode,
since only in zone 3 the VRT is more efficient than UA. (1.68 vs 0.92). On the contrary, in posi-
tions 1 and 2 no significant differences were observed between UA and VRT in terms of NUE.
Nevertheless, VRT in zone 3 is more efficient than all other treatments and UA in zone 1 and 3
is also more efficient than UA in zone 2.

Grain protein and gluten were significantly higher in VRT, whereas the superiority of VRT in
grain nitrogen percent and total uptake was not statistically significant. The value of nitrogen use
efficiency in VRT across field zones was equal to 1.03, significantly higher than that of 0.78 in UA.

4. Discussion

Data from this experiment show that areas chosen on the basis of soil resistivity mapping
within a field corresponded to different soil textures and crop behavior. In particular zone 2,

Table 3. Biomass and yield in the different experimental conditions of durum wheat.

Treatment Total biomass (t ha™) Grain yield (t ha™) Straw yield (t ha') ears m™
Zone 1 92a 3.0a 6.1 ab 247 b
Zone 2 6.5b 1.7b 4.8b 221c¢
Zone 3 10.8 a 32a 75a 282a
Significance . orx . *
Zone 1 x UA 9.1 3.1 6.1 244 ab
Zone 1 x VRT 9.2 2.9 6.2 251 ab
Zone 2 x UA 6.3 1.7 4.6 200 ¢
Zone 2 x VRT 6.7 1.8 4.9 241 ab
Zone 3 x UA 10.7 3.2 7.4 308 a
Zone 3 x VRT 10.9 32 7.6 256 ab
Significance n.s n.s. n.s *

Signif. codes: 0 “**>0.001 “** 0.01 *” 0.05 *.” Significance at P<0.05; **, significance at P< 0.01; ns, no significant difference. Different letters indicate significant
different.

https://doi.org/10.1371/journal.pone.0267219.t003
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characterized by clayey texture, showed lowest biomass, yield and nitrogen uptake, while zone
the sandy-loam area (zone 1) had highest grain quality. Overall nitrogen use efficiency was
highest in zone 3, a clay loam area within the field. The low yield in area 2 may be ascribed to

Table 4. Qualitative traits and nitrogen use efficiency of durum wheat.

Treatment Grain Protein (%) Grain Yellow Color Grain Gluten (%) Grain N (%) Tot. N Uptake (kg ha™) NUE tot.
Zone 1 15.7a 149 a 11.7 a 2.7a 112.0a 0.82b
Zone 2 13.3b 14.5b 10.2b 2.4b 63.6b 0.6b
Zone 3 139b 145b 9.7b 23b 1149a 13a
Significance o o . o o o

UA 13.7b 14.6 10.1b 2.4 96.5 0.78b
VRT 149a 14.6 11.1a 2.5 97.1 1.03a
Significance o ns o ns ns >
Zone 1 x UA 15.0 14.9 11.1 2.6 110.2 0.92b
Zone 1 x VRT 16.4 14.9 12.4 2.8 113.8 0.73 bc
Zone 2 x UA 12.9 14.5 9.4 2.22 60.1 0.5¢
Zone 2 x VRT 13.6 14.5 10.0 2.34 67.0 0.68 bc
Zone 3 x UA 13.3 14.5 9.7 2.28 119.3 0.92b
Zone 3 x VRT 14.6 14.4 10.8 2.50 110.6 1.68a
Significance ns ns ns ns ns e

Signif. codes: 0 “**> 0.001 “*” 0.01 * 0.05 ‘" Significance at P<0.05; **, significance at P< 0.01; ns, no significant difference. Different letters indicate significant
different.

https://doi.org/10.1371/journal.pone.0267219.t004
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the high content of clay and the consequent risk of waterlogging and poor tolerance of
machine traffic in case of high precipitation during crucial times such as sowing. This interpre-
tation is supported by the lower number of ears reported in Table 3 for this field region. Such
constraints due to soil physical properties were therefore more effective in determining yield
than the more favourable soil chemical characteristics of shown in Table 2. This is confirmed
by the significant relationship we found between the density of ears and grain yield across
zones in our field (Fig 5). This also means, that the computation of N supply based only on the
soil characteristics is not sufficient. For an accurate computation of N supply by VRT tech-
niques, the real crop conditions at the moment of fertilizations have to be considered. In accor-
dance with Song et al. [30] soil characteristics should be combined with crop remote sensing
for a more accurate computation of site-specific N fertilization.

In our data no significant differences were detected between UA and VRT for yield parame-
ters, in spite of different amounts of N applied with the two treatments. This result could be
ascribed to no changes in soil chemical parameters after the use of different doses of N fertili-
zation [31, 32]. Also, interaction of zone and N application method were not significant except
for density of ears in zone 2 only, where differential application of N resulted in a significantly
higher number of ears m? (Table 3). Therefore, N was able to compensate for the negative
effects of a high clay content on plant density on the production of ears, which was correlated
with yield.

Opverall, results can be commented by saying that soil conditions dominated over N applica-
tion in determining yield, and therefore the choice of N treatments needs to be made exclu-
sively in terms of savings in N fertilizer, rather than in potential increases in yield. In the whole
4.07 ha™" field the application of precision farming, gave as a result a reduction of 25% of N
application in VRT respect to UA (373 Kg in VRT and 498 in UA Kg of N in 4,07 ha™).

Although our data come from one year only, they confirm that if VRT is applied to N fertili-
zation, the computation of N fertilizer rate considering only physico-chemical characteristics
of the soil is not sufficient. Rossi et al. [19] found that the relationships between soil electrical
resistivity and soil texture were linear while their effect on crop behaviour was strong but non-
linear, therefore soil and crop data were both necessary for the correct identification of man-
agement zones. A sophisticated “informed clustering” [23, 24] approach identifies manage-
ment zones within a field based on a function fitted on crop response versus geophysical
mapping; this way different zones correspond to a different type and extent of influence of soil
properties on plant behaviour. Our simplified approach based on geophysical mapping has the
drawback of not allowing such discrimination but it is fast and can be applied before vegeta-
tion data is available.

Based on our data, the rate of N should be corrected considering also the actual plants den-
sity or, more in general, on the basis of the actual status of the crop measured at the time of fer-
tilization, by mean of indices of crop density/status such as NDVI, as already suggested by
Benincasa et al. [33].

In our experiment zone 1 showed a significantly higher content of grain protein, yellow col-
our, gluten, and N compared to both zones 2 and 3. As suggested by Diacono et al. [34], if this
behaviour should be confirmed in subsequent years, the delineation of homogeneous areas
taking quality into account could allow to segregate the harvested grain into different lots of
semolina qualitative parameters. In all treatments, protein content was higher than 13.0%,
therefore above the limit of 12.5% prescribed by the Italian law for a grain of good technologi-
cal quality.

Regarding nitrogen uptake VRT showed high levels of N removal by the crop and a good
protein content and other quality parameters in spite of lower N inputs, and this translated
into a high nitrogen use efficiency. More specifically in VRT a large amount of the N given
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with the fertilizer was taken up by the crop, while in the case of UA 22% of the N applied was
not, and therefore was left in the soil, and prone to leaching and pollution of deep soil/water.
This has consequences on farm profitability but also on reducing environmental impact with
respect to UA. Our results are in accordance with those of Diacono et al. [18], who found sav-
ings of 25% of the amount of fertilizer with variable rate fertilization without reducing yield or
grain quality.

Our data also suggest that where other limiting factors exist, applying high doses of N does
not provide yield advantages and does not provide the best results in terms of efficiency. This
does not agree with results of Guerrero et al. [17] who found that high N doses in low-yielding
zones represent the best variable rate practice. In our case soil-based VRT was coherent with the
principles of sustainability (less fertilizer, good qualitative-quantitative yield response and effi-
cient use of the resources). The economic profitability of differential management has been
questioned [35-37] with the argumenta that returns from PF technologies does not cover their
costs or does not significantly change profitability [38], particularly when yield response to N
does not vary strongly within the field [39]. However, in these analyses the positive effect of effi-
cient resource use on environmental aspects and on down-side risk mitigation, are not taken
into account [38]. Further research needs to consider such and other economic aspects: despite
a general reduction of production costs and increase in gross margin, in accordance with
Fabiani et al. [40] the high cost in machinery needed is a constraint to adopt VRT considering
the generally small sizes of Italian farms. Also, the complexity of decisions from sensor data to
agronomic management is one of the main challenges for the application of digitalization in
agriculture. Simple approaches like the one presented in our study based on soil information
versus more complex multi-data approaches may help simplify decisions and reduce costs.

5. Conclusions

In our experiment coupling geophysical mapping and traditional nitrogen balance was able to
provide a quick basis for precision farming and VRT for N fertilization of wheat. Satisfactory
production levels were reached by adapting the fertilization inputs to soil spatial variability.
Yield and quality of UA was the same respect to VRT, but at the cost of more fertilizer, there-
fore less efficient in resources use efficiency. Also, in VRT all the N given with the fertilizer was
taken up by the crop, while in the case of UA 22% of the N applied was not, and was instead
left in the soil and this implies a higher environmental risk of soil-water pollution.

Results from this research indicate that coupling geophysical mapping and traditional nitrogen
balance may provide a quick basis for precision farming and VRT for N fertilization of wheat.
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