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Abstract: The current political, social, and economic conditions place, more than ever, the need
to sustainably supply nutrients for plants, integrating low-impact, crop-adapted, variable-rate-
application fertilizer solutions, at the center of attention. Fertilization plans should be based on
the monitoring of soil fertility to address the proper rate of fertilizer application along with the
development of techniques able to increase nutrient uptake efficiency. Monitoring and modelling
analysis of the effects of agronomic management in different pedoclimatic conditions can provide
several advantages, that include higher nutrient efficiency, increase in plant growth and yield,
decreased fertilization costs, increased profit, reduced environmental impact. This approach should
enter into a framework of precision farming methodologies for the distribution of nutrients adopted
at different levels (region, farm, field, plot), to obtain the maximum efficiency of inputs.

Keywords: remote sensing; fertilization; precision agriculture; proximal sensing; modeling; nitrogen
oxides; nutrient use efficiency; precision farming

1. Overview on Precision Agriculture

Precision agriculture (PA) or ‘smart agriculture’, defined as ‘a management strategy
that gathers, processes and analyzes temporal, spatial and individual data and combines it
with other information to support management decisions according to estimated variability
for improved resource use efficiency, productivity, quality, profitability and sustainability
of agricultural production’ [1], is required in order to decrease chemical input and improve
plant yield. In other words, PA consists of the use of technologies able to manage field
spatial and temporal variability, in order to optimize crop performance and environmental
health [2]. The introduction of PA techniques through the monitoring of soil and plant
conditions will improve fertilizer use efficiency, maximize farming profit, and reduce the
potential for pollution. Precision agriculture offers innovative solutions for improving crop
production; however, it requires reliable tools able to provide correct, real-time information
on soil nutrient availability and plant nutritional status along with the possibility to build
up a site-specific database of the relationships between plant and soil [3].

The agricultural sector plays a key role in the Italian and European economies due
to the extension of cultivated area and to the importance of agri-food supply chains. For
this reason, strategic support of the sector with the use of approaches and methods able to
meet the new Common Agricultural Policy (CAP) objectives is fundamental. Examples of
CAP objectives include ensuring adequate income for farmers, increasing company com-
petitiveness, climate change adaptation and mitigation, landscape protection, biodiversity
conservation, development of rural areas, knowledge transfer, innovation promotion, and
efficient management of production factors. Thus, agricultural companies must rely on
management strategies based on a solid knowledge of agroecosystem and the possible
interactions between its components. Even though the first implementations of PA practices
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were developed for arable and dairy farming, these technologies can also be applied to
other sectors like vegetable or fruit production, that, despite their small scales, have high
economical value. The use of PA in small-scale farming could also be a valuable strategy to
reduce costs (less use of resources) and reduce environmental damage.

This is useful in developing agronomic management practices more sustainable in
terms of economic profitability and environmental protection. Scientific and technological
progress that has occurred in the last few decades has produced innovative tools and
instruments that are now available on the market. These novel tools can be implemented in
productive processes to increase efficiency and sustainability, yet they must be placed in a
context of the respectful management of agroecosystems and their related components (soil,
plants, and atmosphere). In this scenario, PA represents an effective strategy to pursue
these goals, thanks to the use of multi-source data on soil fertility and plants’ nutritional
status.

The most important pillar of PA is the study of spatial variability, which is the attitude
of a specific parameter being subject to change depending on time or space (i.e., plant vigor,
crop yield, soil texture, soil chemical characteristics, etc.). By monitoring and studying
the evolution of the selected variables, it is possible to identify areas with homogeneous
characteristics, called Management Unit Zones (MUZ). These areas represent the base units
for site-specific agronomic management, namely sowing, irrigation, fertilization, and crop
protection against weeds and diseases.

One of the most important agronomic practices is fertilization, as it greatly affects
productivity and costs in cropping systems. For instance, in the US, fertilizers account
for 36% of farmers’ production costs for corn and 35% for wheat. The intensification
of agricultural production has led to a dramatic increase in inputs [4] like nitrogen (N)-
based fertilizers, whose use, from 2002 to 2017, increased worldwide from 83 Mt to 109
Mt [5]. Although nutrients are fundamental to optimizing yields, their excessive use can
cause water and air contamination. The EU has launched several directives in order to
reduce water pollution connected to N use in agriculture (EC-Council Directive, 1991)
that have led to the stabilization of N consumption at around 11 Mt yr−1. Commonly,
conventional fertilization strategies consider the uniform distribution of fertilizer without
considering the complexity of soil-plant-atmosphere interactions. Instead, according to
numerous scientific studies, these interactions can greatly affect the availability of macro-
and micronutrients. For this reason, rational crop nutrition strategies must consider such
aspects. This is possible by studying the spatial and temporal variability of each section
of a field, considering all physical, chemical, and biological processes occurring during a
crop cycle. An example of soil-plant-atmosphere interaction involves N, which is the most
important nutrient in plants along with phosphorus (P) and potassium (K). For instance, N
is very dynamic in the agroecosystem because it is subjected to several phenomena like
leaching, runoff, volatilization, and ammonification, which make the element unavailable
for plant uptake [6]. Such phenomena are affected by several factors like soil texture,
organic matter (OM) content, pH, soil temperature, air temperature, precipitation, crop
genotype, and crop vigor. All these factors act alone and also in conjunction with each other.
Hence, it- is difficult to determine to what extent they affect the N cycle in quantitative
terms. The same consideration can also be made for other nutrients and their dynamics
in the soil-plant-atmosphere system. In this regard, the tools and technologies utilized in
PA could be a solution to the issues mentioned above, thanks to innovative methods for
monitoring and collecting crop data.

2. Field Monitoring

Field monitoring is the measurement of specific parameters affecting the soil-plant-
atmosphere system as a function of crop development during the biological cycle. Regard-
ing soil, the use of suitable tools to rapidly identify and measure the main properties linked
to crop development is a strategic key. Some examples include OM, nutrient concentra-
tion, soil texture, water availability, temperature, and electrical conductivity. Regarding
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plants, it is possible to monitor vegetative vigor and nutritional status through proximal
or remote-sensing techniques (i.e., satellite or drone imagery). Finally, the monitoring of
atmosphere, by using appropriate weather stations, is necessary to keep the most important
agrometeorological variables under control and generate long-term forecasts with climate
modelling.

Currently, the techniques used for detecting these parameters are based on the use of
sensors classified into two distinct categories: remote sensing and proximal sensing. The
most frequently utilized remote-sensing platforms in PA are satellites and drones. On the
other hand, proximal sensing relies on a wide range of sensors that can be classified into two
categories: static and dynamic. Static sensors include agrometeorological stations and soil
sensors. The former can record climate trend data over time, making it possible to determine
agrometeorological factors useful for planning agronomic operations. Soil sensors represent
the evolution of soil physical variable determination like moisture, temperature, and
electrical conductivity. Dynamic sensors are used to characterize soil or crops and their
relative characteristics in terms of space (different points in plots) and in terms of time
(during the season). Therefore, it is possible to define appropriate management strategies
or to calibrate/validate models for variable-rate fertilization. There are several proximal
sensors able to detect soil properties. Some examples include geophysical sensors based on
the measurements of apparent electrical conductivity, which is correlated with the most
important physical properties of soil, thus enabling rapid mapping.

2.1. Remote Sensing

Remote sensing is based on the measurement of the reflected or emitted electromag-
netic radiation of an object placed at a given distance [7]. Depending on the radiation
wavelength detected, there are sensors operating in the optical domain (0.4–2.5 µm), in the
thermal infrared (4–10 µm), or in the microwave (3–10 mm). However, most sensors cannot
identify the entire spectrum and the details included therein; they measure the average
reflectance over a range of wavelength, called a band. The ability to discriminate between
different objects, such as soil and leaves with different chlorophyll contents, depends on
the number of bands and their distribution. The sensors installed on most satellites have
a limited number of bands (from 3 to 10) and are called multispectral. Conversely, sen-
sors with many more bands (up to a few hundred) are known as hyperspectral and can
completely define the spectral signatures of objects.

Whatever a sensor is used for, remote sensing is based on relating the detected re-
flectance measured by the sensors with agronomic variables, such as vegetative vigor, crop
canopy development, and chlorophyll content. For this purpose, one of the most valid
approaches is the determination of vegetation indices (VI), namely mathematical functions
combining two or more spectral bands. There are several vegetation indices, yet the most
important are used to measure bio-physical parameters (yield, stress conditions, presence
of diseases, etc.) for crop monitoring, with the aim of determining the effects of different
agronomical management strategies [8]. One of the most useful bio-physical parameters
for PA applications is the Leaf Area Index (LAI), which measures total leaf surface per unit
area, and the chlorophyll content of leaves, both providing indications on crop vegetative
status (i.e., the presence of sub-optimal plant development). Two vegetation indices are
widely used to analyze crop development and phenological stage: the NDVI (Normalized
Difference Vegetation Index) [9,10] and the MSAVI (Modified Soil-Adjusted Vegetation
Index) [11]. These can be easily visualized as maps on IT platforms. The selection of
platforms is related to their resolution and should be evaluated according to the crops and
the aim of the measurements. For instance, for defining the fertilization strategy for exten-
sive crops, a lower resolution is necessary compared with horticultural crops. Centimeter
spatial resolution is provided by Unmanned Aerial Vehicles (UAV) and could be used for
monitoring weeds or pathogens, since high spatial and spectral resolution is essential.
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2.1.1. Satellites

Precision agriculture needs systems with a high spatial resolution and high acquisition
frequency to monitor crop conditions at different moments during biological cycles. Such
needs are met thanks to numerous satellite systems that government agencies and private
companies have put into orbit over the last few decades. These entities often run missions
made up of several satellites of the same type, namely constellations. Every satellite usually
has one or more sensors on board, the transmitted data of which are received by stations
and processed to correct the main distortions (atmospheric effects, geometric distortions,
etc.). Thereafter, the images generated by the system are provided to users through web
solutions, making data available online. Such data can be automatically processed using
specific algorithms to extract vegetative vigor indices, or to estimate crop bio-physical
variables. Satellite images can give precise information with in-field variability; in fact,
since they are able to discriminate between different wavelengths (green at 520–600 nm,
red at 630 nm, and NIR bands at 760–900 nm), they give important information on water
and N deficiency [12].

2.1.2. Unmanned Aerial Vehicles

Unmanned Aerial Vehicles, commonly also called drones, are remotely piloted flying
platforms guided by an operator with remote control devices supported by navigation
systems (Figure 1). In PA, UAVs are used for several operations, such as taking pictures
or detecting images. From a technical point of view, UAVs can integrate different techno-
logical components like flight sensors, cameras, robotic arms of radio receivers. From an
operational point of view, the main benefits of using UAVs are their high spatial resolution,
availability of a wide selection of cameras or sensors (multispectral and hyperspectral
sensors, laser scanners, thermal and RGB cameras), the possibility to select when to acquire
images. On the other hand, there are some drawbacks to using drones. For instance, images
must be corrected, as crop reflectance is affected by daylight brightness and water vapor
content in the air. In addition, flights must be performed by qualified professionals who
are specifically trained for this purpose.
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Figure 1. Hexacopter UAV equipped with multispectral camera composed of an array of nine sensors
to acquire images in the VIS-NIR spectrum (photo: IBF Servizi-Agronica).

2.2. Proximal Sensing

Proximal sensing refers to a set of technologies where sensors are in direct contact with
the object to be measured or a short distance (typically less than 2 m) from it [13]. Proximal
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sensing can be performed with a fixed sensor (agrometeorological station, soil sensors) or
installed on moving machinery like a tractor or a quadbike. There are numerous types of
sensors which differ in terms of variables detected and technologies implemented.

2.2.1. Agrometeorological Stations

Agrometeorological stations (Figure 2) are generally composed of a single module
integrating all sensors needed to measure atmospheric parameters. The “base”-type stations
integrate sensors for detecting air temperature, air moisture, rainfall, and leaf wetness.
These parameters are sufficient to support agriculture management; precipitation and
temperature data can be used in remote weather monitoring to schedule field operations.
For instance, leaf wetness, along with the previous parameters can be used to feed crop
protection models simulating pathogen or parasite development [14].
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Figure 2. Weather station for collecting data on the main climatic parameters (e.g., temperature,
rainfall, relative humidity, solar radiation, wind speed).

For some crops, data collected from weather stations can feed forecasting phenological
models able to estimate the evolution of plant phenological stages. In the most advanced
weather stations, sensors measuring solar radiation and wind speed are also implemented.
These sensors can calculate reference evapotranspiration, allowing the implementation of
crop water balance for planning irrigation.
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2.2.2. Soil Moisture Sensors

Soil moisture sensors are widely used in precision irrigation. Soil water availability can
be expressed as water content and is generated from the ratio between the water volume
and total volume of soil, or as soil matric potential, that is, the adhesion and cohesion
forces that hold water within the soil. Soil moisture sensors are equipped with one or
more probes for detecting water content at different soil depths and can be positioned in
relation to root depth. The most widespread sensors used for measuring matric potential
are the tensiometers (Figure 3), which consists of a porous ceramic cup filled with distilled
water and which are buried in the soil. Once in the soil, the water inside the porous cup
equilibrates with the soil moisture through the pores in the ceramic cup; the loss of water
causes a drop in its hydrostatic pressure that will be indicated by the pressure gauge [15].
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Figure 3. Tensiometer for measuring soil water potential.

A chalk potentiometric probe (Figure 4) consists of a pair of highly corrosion-resistant
electrodes that are included inside a piece of chalk; electricity is applied to the probes to
obtain a resistance value, which is correlated to soil water content.

Horticulturae 2023, 9, x FOR PEER REVIEW 6 of 14 
 

 

advanced weather stations, sensors measuring solar radiation and wind speed are also 

implemented. These sensors can calculate reference evapotranspiration, allowing the im-

plementation of crop water balance for planning irrigation. 

2.2.2. Soil Moisture Sensors 

Soil moisture sensors are widely used in precision irrigation. Soil water availability 

can be expressed as water content and is generated from the ratio between the water vol-

ume and total volume of soil, or as soil matric potential, that is, the adhesion and cohesion 

forces that hold water within the soil. Soil moisture sensors are equipped with one or more 

probes for detecting water content at different soil depths and can be positioned in rela-

tion to root depth. The most widespread sensors used for measuring matric potential are 

the tensiometers (Figure 3), which consists of a porous ceramic cup filled with distilled 

water and which are buried in the soil. Once in the soil, the water inside the porous cup 

equilibrates with the soil moisture through the pores in the ceramic cup; the loss of water 

causes a drop in its hydrostatic pressure that will be indicated by the pressure gauge [15].  

 

Figure 3. Tensiometer for measuring soil water potential. 

A chalk potentiometric probe (Figure 4) consists of a pair of highly corrosion-resistant 

electrodes that are included inside a piece of chalk; electricity is applied to the probes to 

obtain a resistance value, which is correlated to soil water content.  

 

Figure 4. Experimental setup of chalk potentiometric probe (Watermark, Irrometer, Riverside, CA, 

USA) for soil water potential measurements (photo: iFarming). 
Figure 4. Experimental setup of chalk potentiometric probe (Watermark, Irrometer, Riverside, CA,
USA) for soil water potential measurements (photo: iFarming).

Other techniques that can be used involve soil resistivity sensors, infrared moisture
balance, dielectric techniques viz., Time Domain Reflectometry, the Frequency Domain
Reflectometry and Capacitance technique, heat flux soil moisture sensors, micro-electro
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mechanical systems, and optical techniques [15], as well as the literature cited here. Once
sensors are installed, it is possible to analyze the soil–moisture curve. At this stage, in case
of some irrigation event or precipitation, it is possible to identify volumetric content, field
capacity, and the soil recharging point.

2.2.3. Sensors for Detecting Plant Nutritional Status

Regarding smart scouting activities, it is possible to use portable tools to assess crop
nutritional status. The most widespread devices are chlorophyll meters, based on spectral
measurements for the determination of leaf pigment concentration, such as the chlorophyll
meter [16] that can estimate chlorophyll content in plant tissues, thus indirectly estimating
their photosynthetic efficiency and verifying nutritional deficiencies (Figure 5). In fact, since
chlorophyll is correlated with N concentration, these devices could give rapid information
for the definition of the amount and timing of fertilizer supply [17]. For example, as a
consequence of low nutrient availability, reactive oxygen species would rapidly increase;
thus, the analysis of plants metabolic and morphological responses can measure the N
variation due to the addition or deprivation of nitrate [18]. In this way, digital imaging for
crop N estimation was developed to detect some stress and biophysical plant parameters
such as insect damage, and nutrient and water deficiencies [19].
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Figure 5. Chlorophyll meter for non-destructive detection of leaf chlorophyll concentration.

Plant N status could also be evaluated via non-invasive remote-sensing methods
able to evaluate the canopy reflectance of a specific area or of the entire crop field. In
relation to a light source, these sensors can be classified as passive or active. The former are
reflectance sensors that measure the light emission of a canopy once it is under sunlight
radiation [12]; on the other hand, active sensors provide high-intensity, multispectral light
that can measure and record crop reflectance in a waveband ranging from 450 nm to 900 nm
depending on the model [12]. This technique does not require sophisticated instruments
(spectroradiometers, crop canopy reflectance meters) since a commercial digital camera
and an image processing system are enough [12]. However, plant N determination with
the above-mentioned techniques has some limitations due to their susceptibility to several
sources of interference (sunlight variation, soil conditions, and chlorophyll saturation, for
example) that do not enable the identification of overfertilized plants [12]. In addition,
chlorophyll meter readings are not able to give rapid information on increased N availability.
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Thus, an alternative could be the measurement of plant nitrate sap concentration that is
closely correlated to plant N status [12].

Plant biological tissues can behave as electrical circuits made with passive elements
such as resistors and capacitors [20]. It was reported in [21] that there is a correlation
between electrical impedance and the concentration of Ca, P, and K in plants; moreover,
a nutrition index was applied to tomatoes to detect a lack of mineral nutrients [22]. Even
if few studies have reported on this method, since electrical impedance can respond to
changes in cellular structure, membrane potential, and sap ionic concentration, it could be
used to provide useful information on plant physiological and nutritional status [12].

2.3. Sensors for Detecting Soil Nutrients

In soils characterized by aeration and mild temperature, the most important fraction
of N is nitrate (NO3

−), which is dissolved in soil–water solutions, not adsorbed by the
colloids, and is continuously at risk of leaching if soil moisture exceeds field capacity.
Soil nitrate concentration varies considerably due to the complex interaction between
microbiological, chemical, and physical processes, and it fluctuates during the vegetative
season as a consequence of mineralization, immobilization, absorption, and other turnover
processes. Often, attempts to set a modelling process to minimize problems related to a
lack of homogeneity in soil and increase the precision in fertilization management have
not succeeded. A similar trend can be observed in sulfur (S), mainly present in soil as
SO4

2- (sulfate anion), although much less attention has been paid to this nutrient. If the
behaviors of N and S are common in all soils, the mobility of the other nutrients depends
on soil conditions. Soils with a neutral to sub-alkaline pH, a clay, clay–loam, silt, silt–loam
texture, high OM content are characterized by a high cation exchange capacity (CEC),
which decreases the number of cations in a solution and prevents them from leaching.
In soils with a low pH, sand texture, and low OM, the low CEC increases the risk of the
leaching of cations in a water solution. No matter the soil conditions, P usually has low
mobility, since it aggregates in hydroxylic molecules such as Ca(OH)2, Al(OH)3, Fe(OH)3 in
sub-alkaline, neutral, and sub-acid soils, respectively. Within this scenario, before making a
decision regarding fertilization, it is crucial to carefully evaluate the nutrient concentrations
in a soil solution, as well as soil humidity; ideally, nutrients should be applied only to areas
with adequate soil moisture [10].

As noted, among the macro and micronutrients, soil N is mainly in organic form, not
available for root uptake, until it is mineralized by soil microbiota to ammonium (NH4

+)
and then oxidized to nitrite (NO2

−) and NO3
−. Traditionally, mineral N can be measured

via soil sampling and offsite laboratory or on-site measurements. Laboratory analyses are
accurate, cheap, and easy to carry out; however, they are time-consuming and provide
results within days after the sampling. On the other hand, on-site measurements have
the capacity to provide real-time information on the trends of N at root level and can
provide a prompt answer on what is the best condition for the application of smart and
precise fertilizer input. The technologies currently available for on-site nutrient determi-
nation [3] can be divided according to the sensors employed therein: optical/radiometric,
electrical/electromagnetic, electrochemical, and mechanical [23].

2.3.1. Electrical/Electromagnetic Sensors

Electrical and electromagnetic sensors have been used for decades for continuous
non-invasive measurements of soil solution nutrient concentration. They are based on the
determination of apparent electric conductivity (ECa) of a soil solution [23] and measure
the capability of soil to accumulate or conduct an electrical charge (Figure 6). The most
common sensors measure electromagnetic induction or electrical resistivity. The former
sensors include a transmitter and a receiver which are not in direct contact with the soil,
and produce a variable magnetic field to induce an electrical current in the soil, linearly
related to soil conductivity. On the other hand, the probes that measure electrical resistivity
are in contact with the soil and consist of two electrodes, one that produce current, and
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the other that measure the resulting potential difference that reflect the soil resistivity, that
is the opposite of the conductivity [23]. Electric conductivity has been found to respond
mainly to soil texture and soil moisture; consequently, these two characteristics should be
considered when ECa is used to estimate soil nutrient availability. The placement of probes
near water emitters, where soil moisture is kept constant, would prevent misinterpretation
of the results related to the soil humidity. In the acidic soils of Brazil, a strong relationship
between ECa and K+ and Ca2+ was demonstrated [23], while a significant correlation
between soil extract, ECa, and nitrate, with a coefficient of determination (R2) of 0.98, was
observed [24] so that the information obtained via ECa measurements is equivalent to that
obtained via nitrate analysis [25–27]. In calcareous Italian soils, a satisfactory relationship
between ECa and NO3

- was found only in clay soils, with an R2 of 0.64, while in loam soil,
the relationship was not significant [28]. The different response can be related to the effect
of soil texture on soil CEC, mainly related to the abundance of clay. Since ECa measures the
presence of soluble and readily dissolvable salts, including cations (e.g., Na+, K+, Mg2+,
Ca2+) and anion species (Cl−, HCO3

−, NO3
− and SO4

2−) and nonionic solutes [29], the
decreased activity of cations in a soil solution (adsorbed by the negative electrical charges
of the clay) can improve the accuracy of NO3

− (the main anion) determination.
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2.3.2. Electrochemical Sensors (Ion-Selective Membrane)

The most common electrochemical sensors are ion-selective electrodes and ion-sensitive
field effect transistors (ISFET) [23]. Both sensors respond to a specific ion, according to
the logarithmic relationship between the ion and its electric potential, as described by the
Nernst equation. Electrochemical sensors require an ion recognition element, such as an
ion-selective membrane, along with a reference electrode that allows the measurement
of the electrical potential difference (in mV) between the soil solution and the standard
solution inside the probe [30]. An ion-selective membrane (or ion selective electrode) is a
two-electrode system made of a reference electrode and a soil solution, with the relation-
ship between the electric potential and ion concentration that can be converted into the
ion concentration in the solution. Consequently, the use of ion-selective membranes can
be useful in building electrodes used as detectors in portable field analyses to estimate
nutrients in soil. One of the first ion-selective electrodes (ISEs) was based on a liquid–ion
exchange sensor trapped in poly vinyl chloride (PVC) matrix membranes [31]. Recently, the
combination of poly(3-octyl-thiophene) and nanocomposite molybdenum sulfate has been
shown to be a promising membrane-based, solid-state nitrate sensor [32]. The combination
of the two molecules was found to be a good means of ion-to-electron transduction for
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NO3
− detection. The limit of this technology is the short time (4 weeks) of effectiveness,

which makes it a strategy not suitable for a perennial crop like it is for fruit trees.
Ito and coworkers [33] proposed the use the natural oriental lacquer, Uruschi, to build

a solid-state nitrate-ion-selective electrode membrane. The sensing membrane, beside Ur-
uschi (45%), consisted of nitropheniyl octyl ether (27.5%) and tri-n-octymethylammonium
nitrate (27.5%), plated with two layers of Ag/AgCl and Cu to make a 0.5-mm-thick coat-
ing [34]. This Uruschi matrix membrane electrode showed a performance similar to a
PVC membrane in terms of selectivity and detection range (0 and 400 mg N L−1), in re-
gard to measure NO3

--N directly in the soil [33]. An ultraviolet, laser-induced graphene
(LIG) electrode, for electrochemical ion-selective sensing of plant-available nitrogen (NH4

+

and NO3
−) is another electrochemical solid-state contact ion-selective probe that has

been employed for mineral N determination in soil samples [34]. It includes two specific
sensors for NH4

+ and NO3
− with a detection limits of 28.2 and 20.6 µM, respectively,

and a linear sensing range from 10−5 M for NH4
+ and 10−1 M for NO3

−, a wide range
(0.14 mg L−1–1400 mg L−1) that fits the normal concentration of the two ions in soil solu-
tion. The main problems with this technique are related to a relatively complex fabrication
process, although alternative scalable manufacturing protocols for graphene-based electri-
cal circuits are potentially available [34]. Although the increase in soil humidity decreases
the mV response, in the common moisture ranges, this effect is negligible [23]. Field trials
conducted in North America, showed a good relationship (R2 > 0.9) for pH but a poorer
relationship (R2 = 0.6) for K and NO3

− (R2 = 0.5) [35].
Artigas and coworkers [36] developed an in situ, real-time probe for NO3

- based on
a potentiometric system, which employs a current follower circuit, connected to a sensor
placed inside a PVC tube. The sensor is made with a thick-film sensor built up from
standard photolithographic process equipment and a screen-printing apparatus, with the
employment of a polymer, graphite, and cyclohexanone (as a solvent) to produce the
transducer and featuring a copper plate as a reference electrode. The electrical potential
of the sensor is expected to decrease with the increase in NO3

- concentration with a
promptness of response lower than 1 h.

Ion-selective membranes have also been developed for P-selective sensors, with po-
tential for use in real-time soil fertility monitoring. Some examples include P-selective PVC
probes [37], or disposable on-chip microsensors with a planar cobalt (Co) microelectrode
and an Ag/AgCl reference electrode on a polymer substrate [38]. The potential response
of this technique covers a range between 10−5 and 10−2 M at a soil pH of 5, with the
ability to determine both inorganic and organic P compounds showing high selectivity and
sensitivity but with a lifetime of 30 min only.

2.3.3. Optical/Radiometric

Many attempts to estimate physical and chemical soil characteristics using optical
methods involving different wavelengths, including ultraviolet (UV), visible, and near
infrared (NIR) spectra have been made. In general, the determinations of organic and total
C, total N, and clay are the most reliable, since clay minerals and OM are spectrally active
components of soil, with the main absorbance falling in the visible and near-infrared spectra.
However, some exceptions include available magnesium (Mg) and K in Brazilian tropical
soils [39] and P in temperate soils [39]. In the latter case, a wavelength of 305–2200 nm was
employed in the UK [40], while near Lake Okeechobee in Florida, P was measured, in the
range of 1 mg P kg−1 to 2.71 mg P kg−1, using a wavelength of 400–2500 nm [41]. Often,
spectrophotometric determinations are not precise because of the presence of interferences
in the soil solution, such as dissolved ions, organic material, bacteria, colloids, etc. For
example, the NIR region of nitrate absorbance is between 1300 nm and 1550 nm, while
carbonate absorbs at 1450 nm; therefore, in calcareous soil, the precision of nitrate determi-
nation is reduced. If UV light is used, nitrate N absorbance is near 220 nm [42]; however, to
eliminate interference from soluble organic material, absorbance should also be taken at
275 nm [43]. A monitoring system based on absorbance spectrometry techniques for direct
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determination of NO3
− was recently proposed by [43], who eliminated the interference

caused by dissolved organic C via automatic scanning of the absorption spectrum (between
190 and 850 nm), followed by the identification of the best wavelength in a flow cell located
in the basal tip of the probe. The flow cell is directly connected to a customized suction cup
which enables continuous sampling of the soil porewater at a pressure between −60 and
−80 kPa. The continuous flux of solution from the soil to the flow cell (few mL-volume)
allows a real-time determination of the concentration of NO3

−. A compact optical sensor
based on the photometric detection of soil nutrients, including NH4

+, NO3
−, available P

and iron (Fe), exchangeable Mg, and Ca was developed by [44], by choosing the wavelength
of light-emitting diode (LED) to fit the absorption band of chemical reagents whose color
was developed by reaction with soil nutrients. Although the optical sensor allows in situ
measurements, it cannot provide real-time data, since the soil solution must be prepared
for color development at each detector reading. Another approach to measure soil N
concentration, with a potential to be used for real-time data collection, involves gas-sensing
technologies, in particular, the generation of ammonia gas (NH3) through a denitrification
process [45]. Optical sensors and single-walled, carbon-nanotube-based chemiresistive
sensors [46], widely used in other scientific fields because of their high sensitivity at ppb
level, can also be applied in agriculture.

3. Modelling

Prediction of the evolution of nutrient in the soil is a helpful approach that can drive
the determination of a correct fertilization management. However, only a few nutrients
(i.e., N and P) have been studied deeply enough to build an equation to predict their
development in the soil. For example, the P cycle considers 3 different dynamics for labile,
adsorbed and strongly adsorbed P in soil that are characterized by a different C:P ratio [47].
Net P mineralization is the difference between gross microbial P mineralization and P
fixation, with the former that was found to increase with the need of bacteria for C [48], for
example when a low C:N ratio OM is added to the soil, and a priming effect is expected.

In the case of N, its development in the soil is predicted by the equation that includes
the N deposition rate, fixation rate, fertilization rate, mineralization rate, and loss rate [49].
However, this model does not make explicit the processes of nitrification and consequently,
it is incomplete, since mineral N is the only fraction of N taken up by plants and the one to
be known for fertilization rate establishment. Net N mineralization (the difference between
N mineralization and N fixation) is associated with the C:N ratio; considering organic
material added to the soil (i.e., an organic fertilizer, such as neemcake), N mineralization
depends on C:N ratio, so that if the C:N ratio is <24, a net N mineralization would be
expected, whereas with a C/N ratio of ≥24, net N immobilization would be observed [49].
At the same time, if net N mineralization is negative (N fixation > N mineralization) and N
fertilization is not enough to cover this difference, then the decomposition of OM and the C
release rate are also reduced [47].

The prediction of the evolution of mineral N is crucial, and it mainly depends on soil
humidity, temperature and OM; it can be achieved by involving both empirical models (i.e.,
those supported by experimental data) that ignore underlying processes, and mechanistic
models that reproduce system behavior by simulating underlying processes, based on
theory [50]. These models are usually accurate within the range of conditions for which they
are constructed but become less reliable when extended beyond these limits. Mechanistic
models (i.e., logistic and exponential models) that consider time (days), mineralization
potential, concentration of mineralized N at zero time, and mineralization rate constant [51]
were successfully employed to predict N availability in lowland soils.

4. Conclusions

Precision agriculture makes use of tools and technologies for collecting a large amount
of data from multiple sources, whether proximal or remote. Technological progress has
made cutting-edge instruments available on the market, which are highly accurate and
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reliable. Although this is a positive aspect, collected data must flow into scientifically
solid criteria and rationales to transform into agronomic models, building up decision
support systems. Regarding crop nutrition, these models must simulate nutrient dynamics
considering the interactions between the main agroecosystem components, i.e., soil, crop
genetics, weather trends, and agronomic management. However, at present, two main
drawbacks exist: (1) Reliability/accuracy. Although some agronomic models have been
solidly generated based on the scientific literature, they still need to be validated in multiple
contexts and areas, as well to be replicated over multiple years to ensure robustness and
replicability. Regarding the most important crops, this workflow is in the preparation
stage. (2) Input data to feed agronomic models must be readily available and usable for
generating decision support system outputs to ensure sufficient time margins for planning
field operations. In some cases, this is possible thanks to the tools used. Despite the aspects
described above, it is expected that scientific progress and technological development will
soon make instruments, tools, and devices mitigating such issues available on the market.
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