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EFFECTS OF NITROGEN SOURCES ON NUTRITIONAL STATUS,
OCCURRENCE OF CITRUS POSTBLOOM FRUIT DROP AND FRUIT YIELD
MONITORED BY MULTISPECTRAL IMAGES

ABSTRACT

The citrus industry has a prominent position in the world economy, and its production of
oranges, sour limes, lemons and tangerines surpasses that of other fruit crops in Brazil.
This production chain requires new technologies and better management for the sector's
sustainability. Nitrogen (N) and calcium (Ca) influence chlorophyll synthesis, tissue
growth, and plant health (such as the occurrence of post-flowering fruit drop, PFD) and,
consequently, the production and quality of fruits from citrus groves. Although
ammoniacal fertilizers such as ammonium nitrate (AN) are commonly used in citrus
fertigation, greater fertilizer use efficiency is likely to be achieved with nitric forms such
as calcium nitrate (CN) due to the positive effects of the ideal supply of NO3 : NH4" in
plant metabolism and production. Furthermore, foliar Ca supply requires further
investigation into the nutrient's effect on floral tissue quality and plant tolerance to biotic
stress. Among the new technologies, remote sensing (RS) can help plant management.
Thus, we evaluated the relationship between the chemical characteristics of the soil,
nutritional status of plants, and predisposition of citrus to PFD in an orchard fertigated
with different sources of nitrogen fertilizers (CN, AN, CN+AN), also receiving foliar Ca
sprays in the CN form. Orchard management responses were monitored using an RS tool
on a red, blue, and green (RGB) unmanned aerial vehicle and a multispectral camera,
from which the Normalized Difference Red Edge (NDRE) vegetation index was
calculated. The dissertation is organized with an introductory chapter on citrus farming,
the role of nutrients in best management practices, and the sustainability of citrus farming.
Then, three chapters describe the results of fertigation and foliar Ca spraying on fruit
production and PFD and RS analysis. Investigating the relationships between N and Ca
supply versus productivity and the ability to use RS monitoring tools demonstrate the
potential contribution of best management practices for cultivating trees based on
precision agriculture with efficiency gains, agricultural inputs, and sustainability in the
citrus industry.

Keywords: calcium, fertilization, nitrogen, plant health, precision agriculture,
sustainability.



1 INTRODUCTION

Citriculture stands out in the national economy, whose production of oranges, acid
limes and lemons, and tangerines surpasses that of other fruit groups (Chen et al., 2020).
The largest concentration of citrus orchards is in the so-called 'citrus belt', which covers
an area of more than 400 thousand hectares, located in the Sdo Paulo state and the
southeastern region of the Minas Gerais state (Carvalho et al.,, 2019). The citrus
production operational cost has demonstrated a 70% increase in recent years, attributed
mainly to the labor value, fertilizers, such as nitrogen fertilizer, and healthy management
practices (Cepea, 2022).

Nitrogen (N), a nutrient demanded in significant quantities by citrus, plays a
crucial role in chlorophyll biosynthesis, tissue growth, and citrus fruit yield and quality
(Chen et al., 2020; Mattos-Jr et al., 2020). The N supply via fertigation can impact the
dynamics of this element in the soil, especially when compared to non-irrigated orchards
(Quaggio etal., 2019). In fertigated orchards, the ammonium (NH4") conversion to nitrate
(NO3), the form preferentially uptake by citrus plants, occurs to a lesser extent compared
to non-fertigated conditions, which can cause soil acidification by the H* protons
exudation by the roots (Souza et al., 2012).

While ammoniacal sources like ammonium nitrate (AN) are commonly used in
citrus fertigation, the literature suggests that nitric sources, such as calcium nitrate (CN),
can offer significant improvements in the production environment (Quaggio et al., 2014).
CN provides the nutrient exclusively in the NO3™ form, which is associated with soluble
calcium (Ca), contributing to the maintenance of soil pH and the balance of the NO;™ :
Ca?" ratio in plants, both crucial factors for high citrus yields (Mattos-Jr et al., 2003;
Quaggio et al., 2014).

Compared to most crops, in which N is present in higher concentrations in plant
tissues, citrus plants exhibit higher Ca contents (Mattos Jr. et al., 2003; Quaggio et al.,
2022). Ca management in citrus orchards is predominantly carried out through the
application of limestone. However, a complementary strategy, in addition to the supply
of lime and CN sources, foliar Ca spraying, can contribute to the direct absorption of this
nutrient by the plants' sink organs (Bonomelli et al., 2020). Ca supply via foliar spray can
be an important component in nutritional management programs due to the rapid
influence of foliar nutrient absorption on plant physiology. It is essential to highlight that

the transport of nutrients applied through the plant epidermis is an intrinsically complex
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process (Rengel et al., 2022), and the effectiveness of Ca foliar application is frequently
questioned in the literature (Singh et al., 2013).

Calcium plays a critical role in cell division and elongation. It acts as a structural
and functional component in cell walls and middle lamellae, generally in the calcium
pectate form, contributing to improvements in the structuring of plant tissues (Mattos-Jr
et al., 2020). Thus, due to improvements in the structural arrangement and the formation
of more homogeneous plant tissues, adequate Ca management can contribute to plant
disease tolerance, promoting increased anatomical resistance (Petena et al., 2016). This
characteristic favors the formation of a physical barrier imposed by the host on the
pathogen, as exemplified in the case of the fungus Colletotrichum spp. (Malinovsky,
Fangel, and Willats, 2014).

The fungus Colletotrichum spp. is the causal agent of citrus postbloom fruit drop
(PFD), a strategic disease affecting trees and causing economic losses in the citriculture.
This pathogen can infect floral buds before opening, resulting in characteristic symptomes,
such as the emergence of brown lesions on the petals, stigma, and stylet (Silva-Jr et al.,
2014). This infection leads to the petals and young fruits abscission in all citrus
commercial varieties (Gongalves et al., 2021). However, evidence indicates an adequate
nutritional program can contribute to citrus plant tolerance of the PFD progress (Petena
etal., 2016).

Therefore, there is a need to explore new techniques that can contribute to efficient
nutrient management and the sustainability of the citrus industry (Ozen, 2019). Precision
agriculture (PA), which bases the management of the agricultural system on the
consideration of the spatial variability of the soil's physical and chemical attributes, as
well as the plant's characteristics, has emerged as an efficient technique in the
management of contemporary agricultural systems (Tsouros, Bibi and Sarigiannidis,
2019).

Several remote sensing (RS) tools have played a significant role in understanding
spatial variability in orchards, an example being the use of cameras equipped with
multispectral sensors coupled to "Unmanned Aerial Vehicles" (UAVs) (Bhandari et al.,
2019). The image acquisition through these sensors enables the identification and
delimitation of homogeneous management zones, including those related to nutrients
(Ozen, 2019).

In this context, there is a need to investigate the cause/effect relationships between

the N fertilizer source, plant development, and growth, orange tree tolerance to infections
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by Colletotrichum spp., and fruit yield and quality indices. The application of RS tools is
a significant approach in this sector, providing a more comprehensive and efficient

assessment of the parameters involved.

2 LITERATURE REVIEW

2.1 Citriculture general overview

The Citrus industry is prominent in the global economy, with a cultivated area of
approximately 8.0 million hectares, distributed in more than 140 countries (Fundecitrus,
2024). Brazil is the largest producer of oranges in the world and the second largest
producer of citrus. Brazilian citrus production is characterized by large rural properties
whose fruit is mainly destined for juice production, which feeds the European, Asian, and
North American markets (Spreen et al., 2020).

Brazilian citrus orchards are mainly distributed in an area of more than 400
thousand hectares, located in the Sao Paulo state and the southeastern region of the Minas
Gerais state (Fundecitrus, 2024). This extensive region called the 'citrus belt,' represents
more than 70% of the country's orange cultivation area, whose production corresponds to
more than 80% of the total fruits produced in Brazil (Moreira et al., 2022). However, the
oranges production in Brazil, mainly in the citrus belt, has decreased in recent years,
mainly related to climatic factors (Bernardi et al., 2023) and phytosanitary problems, such
as huanglongbing (HLB, transmitted by Candidatus Liberibacter asiaticus and Ca. L.
americanus), black spot (caused by Phyllosticta citricarpa), citrus canker (caused
by Xanthomonas citri subsp. citri) and citrus Postboom Fruit Drop (PFD) (caused
by Colletotrichum spp.) (Moreira et al., 2022).

Data shows that the estimated production of oranges in the citrus belt in the
2023/2024 harvest is 307.2 million boxes (Fundecitrus, 2024). The increase in labor and
fertilizer values corroborated the increase in the total production costs of orchards, which
was more than 70% in the last decade (Cepea, 2022).

With this, the search for technologies that contribute to efficient orchard
management and ensure the sector sustainability has become imperative in modern
citriculture. Techniques such as integrated pest management, remote sensing, fertigation,
and nutrient management have gained attention in the Brazilian citrus industry,

contributing to productive gains.



2.2 Fertigation in citrus orchards

The adoption of irrigation and/or fertigation has substantially increased in recent
years in Brazilian citriculture. Data show that the percentage of irrigated areas in the citrus
belt increased from 24.6% in 2015 to 36.3% in 2022 (Fundecitrus, 2022). Most of this
area employs localized drip irrigation systems associated with the fertigation technique
(Souza et al., 2012).

The fertigation used in citrus orchards, that is, the fertilizer solutions application
with irrigation water, can mitigate the water stress effects and accentuate the nutrient
uptake made available directly in the rhizosphere (Quaggio et al., 2019). Additionally,
fertigation allows for better adjustment between the demand and nutrient supply at
different physiological plant stages and reduces nutrient losses by leaching (Souza et al.,
2012). Thus, fertigation management can favor nutrient use efficiency (NutUE). Studies
show that NutUE can increase up to 25% in fertigation systems, compared to solid
fertilizers management (Quaggio, Mattos-Jr, and Cantarella, 2006).

However, nutrient management in fertigated areas in tropical soils is still a
challenging practice, given that fertilization recommendations via fertigation are based
mainly on previous reports developed for orchards established in non-fertigated areas,
which demands the need to reassess the doses and nutrients forms to be supplied (Quaggio
et al., 2019).

The fertilizer application via fertigation increases the potential for acidification in
the rhizosphere region and alters the dynamics of nutrient availability (Quaggio et al.,
2014). Thus, the accentuated acidification of tropical soils by fertigation management is
a limiting factor in the orchard’s sustainability and, therefore, demands studies that
establish appropriate management practices for the nutrient application, mainly N, a

nutrient demanded in significant quantities by the crop.

2.3 Nitrogen fertilization

Nitrogen is one of the most important macronutrients required in large quantities
by plants, composing about 1-5% of the vegetables dry matter. This nutrient is an integral
constituent of proteins, coenzymes, phytohormones, metabolites, nucleic acids, and
chlorophyll (Chen et al., 2020; Mattos-Jr et al., 2020). Approximately 70% of N leaf is a
component of thylakoid membranes and Calvin Cycle enzymes; thus, net photosynthesis

correlates positively with leaf N content (Chen et al., 2023).



To improve agricultural production, about 100 million tons of N fertilizers were
applied in 2020 worldwide (FAO, 2019). However, only about 50% of the total applied is
exported by crops in the first year after the nitrogen fertilizers application, while the rest
is incorporated into organic compounds in the soil or lost to the environment (Boaretto et
al., 2013; Cantarella et al., 2018).

The agricultural activities intensification has often been based on the search for
sustainability, including the use of cultivars adapted to local edaphoclimatic conditions,
improvements in water management, balance of N application and its interactions with
other nutrients, fertilizers use with enhanced efficiency, precision in the application
timing, according to the demand of the crop and tools to support the adequate nitrogen
fertilizer dosage to be applied (Zhang et al., 2015). Some common principles in searching
for N fertilizers management technologies include the "4Rs" stewardship — the right
sources used, at the right rate, at the right time, and in the right place (Robertson;
Vitousek, 2009; Snyder et al., 2014).

In this context, N use efficiency (NUE) has become a first-order concern in
agricultural production, mainly due to the contamination environmental effects of surface
and groundwater, increased production costs, and crop profitability (Mattos-Jr et al.,
2020). According to Zhang et al. (2015), to improve NUE, it is necessary to integrate
research and innovative technologies development and management systems, analyze the
relationship between food, water, and nutrient management, promote knowledge and data
sharing between public and private sectors, and stimulate the formation of new
interdisciplinary scientists with broad perspectives and skills. Agronomic practices can
assist in increasing NUE. However, their impacts vary among regions due to crop
management, climatic conditions, and soil properties (You et al., 2023).

In citrus, N fertilization is influenced by tree nutrient reserves, fertilizer
application dose and timing, and N processes in the soil, such as nitrification,
denitrification, immobilization/mineralization, leaching, and volatilization (Boaretto et
al., 2013). N, when uptake by plants, can be redistributed, contributing to the formation
of new parts, such as roots, leaves, flowers, and fruits (Boaretto et al., 2007). The demand
for N by citrus species is reflected mainly by the N concentration and its partition in the
leaves (Xiong et al., 2021). Although the leaves of citrus trees represent only 9.7% of the
total dry mass of the aerial part (Mattos-Jr et al., 2003), they present between 31 and 41%
of the nutrients above the ground (Xiong et al., 2021).



The N management at inadequate doses can limit growth in citrus; thus, rational
N fertilizer application is fundamental to improving the N metabolism processes and,
consequently, the plants' productive performance (Quaggio et al., 2019). The decrease in
N supply may not affect fruit production immediately. However, doses of N lower than
those exported by harvests may generate losses in fruit production in later years (Mattos-
Jr et al., 2020). On the other hand, excessive N fertilization can lead to nutritional
imbalance, cell membrane destruction, and oxidative stress (Liao et al., 2019).

The ideal N supply is related to the fertilizer source used, the variety, and the
expected productivity of citrus (Qin et al.,, 2016). Therefore, recommendations for
adequate N doses and sources are essential to increase NUE, minimize losses, and

mitigate environmental adverse effects (Buoso et al., 2021; Dovis et al., 2021).

2.3.1 Nitrogen source

The N availability to the roots is decisive for plant growth. Atmospheric N (N>) is
available only to plants capable of forming symbiosis with N»-fixing bacteria, and thus,
most plants need N fertilizers for their growth (Rengel et al., 2022). N management is
directed to meet crop demand, considering soil conditions, irrigation, application time,
and organic fertilizers management, among other factors.

Among the N fertilizer forms available, urea is the most widespread, followed by
inorganic forms of ammonium (NH4") and nitrate (NOs"). However, it is known that plants
sustain, preferably, their N needs through the last two forms acquisition (Buoso et al.,
2021). The literature reports that the chemical form in which N is absorbed influences
various plants metabolic processes, such as charge balance, photosynthetic activity,
hormonal homeostasis, and biomass production (Carr, Boaretto and Mattos-Jr, 2020).
When both forms of N are present, plants preferentially use one of them, and uptake varies
with environmental conditions such as nutrient concentration, temperature, and soil pH
(Chen et al., 2021).

Ultimately, the preference for the form of N uptake is determined by the relative
abundance of NH4" and NOs™ in the center of origin of plant species (Wang and Macko,
2011). Generally, plants adapted to growth in acidic soils tend to uptake N in ammoniacal
form, while plants adapted to less acidic soils tend to uptake NO3™ (Chen et al., 2021;
Daryanto et al., 2019).



2.3.2 Nitrogen fertilization: ammonium (NH4")

The ammonium uptake from the soil solution and its translocation within plant
tissues are attributed to highly selective AMT family transporters of cell membrane
integral proteins in the plasma membrane (Rengel et al., 2022). AMT proteins are
characterized by a conserved hydrophobic pore through which NH4+ moves (Bittsanszky
et al., 2015; Ortiz-Ramirez et al., 2011). Although NH4" is a readily available N source
for plants with lower energy demand when uptake and assimilated, this source can cause
toxic effects on plants, compared to NO3™ (Daryanto et al., 2019).

The NH4" uptake by plants is mainly assimilated in the roots to avoid the
significant accumulation of free ions in the cytosol (Carr, Boaretto, and Mattos-Jr, 2020).
Under normal conditions, NH4" is assimilated by the enzyme glutamine synthase (GS,
EC 6.3.1.2), which catalyzes the reaction between 2-oxoglutarate and ammonium to form
glutamine, the main N carrier in plants (Bittsanszky et al., 2015). The ammonium's toxic
action on plants can lead to inhibition of root respiration, carbon supply depletion,
photorespiration stimulation, damage to chloroplast ultrastructure, disruption in hormonal
homeostasis and photosynthesis, and increased production of reactive oxygen species
(ROS) (Chen et al.; 2023).

Because of these interferences in plant metabolism, NH4" toxicity can lead to
decreased plant biomass production, alteration in root architecture, decreased root to
shoot ratio, and leaf chlorosis (Esteban et al., 2016). In a recent study, Chen et al. (2020)
observed that high NH4" levels in citrus plants fertilized exclusively with ammonium
nitrate showed biomass production inhibition, possibly related to the lower gas exchange
performance.

A pronounced transmembrane proton gradient is necessary to isolate ammonium
metabolites in the vacuole and interrupt photosynthesis and respiration (Esteban et al.,
2016). Recently, Chen et al. (2023) observed that the NH4" supply caused a sharp decline
in the ratio of net photosynthetic rate (Pn), stomatal conductance (gs), and respiratory rate
(T)) in citrus plants. In the same study, the authors observed decreased N photosynthetic
use efficiency in plants fertilized with high ammonium nitrate dosages. According to
Wang et al. (2019), the reduced photosynthetic capacity in plants nourished with NH4"
can be explained by the decrease in the photosynthetic electron transport efficiency. The
impaired performance of the photosynthetic electron transport chain results in a light

energy excess and an increase in the superoxide anions (O27) and hydrogen peroxide



(H202) production, as well as the malondialdehyde (MDA) accumulation in the leaves
and membrane lipid peroxidation (Chen et al., 2023).

In addition, ammoniacal N, when in excess, can alkalinize the intracellular
medium and acidify the rhizosphere region from the H" protons exudation by the roots
H"-ATPase pumps (Carr, Boaretto and Mattos-Jr, 2020). The decrease in rhizospheric pH
reduces cation uptake (Ca*", K*, and Mg*"), consequently generating changes in the
plants' ionic balance (Esteban et al., 2016). Quaggio et al. (2014) observed that the
ammonium nitrate supply, compared to a nitric source, contributed to decreased
rhizospheric pH and Ca®" levels in the soil solution. Consequently, the Ca?* leaf content
was also lower in fertigated orange trees with the ammoniacal source. The toxic effects
and the cation inhibition absorption reflect on fruit yield. In this same study, Quaggio et
al. (2014) it was observed that the maximum fruit yield in plants fertilized with
ammonium nitrate source was 58 t ha'! achieved at approximately 240 kg ha™! of N, while
under fertilization with a nitric source, the estimated maximum fruit yield was 76 t ha™..
Thus, the nitric sources used in citrus orchards in tropical soils are an alternative to avoid

the deleterious effects of the plant's NH4" toxicity.

2.3.3 Nitrogen fertilization: nitrate (NO3")

The NOs™ uptake from the soil solution and its translocation occurs through NRT
protein family transporters (Fang et al., 2016). However, this uptake process occurs
against the electrochemical gradient and requires more energy than the NH4" uptake
(Bittsanszky et al., 2015). This happens because the nitrate ion, negatively charged, must
overcome both the negative potential of the plasma membrane and the ascending
concentration gradient (Wang et al., 2018).

While the NH4" supply favors the H" protons extrusion to the rhizosphere, by the
H™-ATPase pump activity, the NOs™ is co-transported with H" protons into root cells,
contributing to the increase in the pH of the medium (Hachiya and Sakakibara, 2017). As
a result of the increase in rhizospheric pH, there is an increase in the nutrient availability
in the soil and in the basic cations absorption by plants, such as Ca?, K*, and Mg?*
(Rengel et al., 2022).

The uptake NOs3™ cannot be used directly by plants, so part is reduced to NH4", and
part is stored in vacuoles (Chen et al., 2021). The first step in the NO3™ reduction occurs
through the nitrate reductase enzyme activity (NR, EC 1.7.1.1), whose reaction product

is nitrite (NOy") (Santos et al., 2017). Subsequently, by the nitrite reductase enzyme
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activity, NO2 is reduced to NH4", which is assimilated by the plants (Bittsanszky et al.,
2015). Data from the literature show that citrus plants have a more significant potential
to respond to N in the nitric form (Chen et al., 2020; Quaggio et al., 2014).

In recent studies, Chen et al. (2020) observed that the NOs™ supply favored the
NUE and contributed to increased biomass production and metabolic regulation in Citrus
reticulata seedlings compared to plants nourished with NH4" sources. Quaggio et al.
(2014) observed that the NO3™ supply to C. sinensis plants contributed to a linear response
between dose and fruit production. According to these authors, this occurs due to the
higher NUE of the source and the favoring of the basic cations’ absorption, mainly Ca*",
a nutrient required in large quantities by citrus (Mattos-Jr. et al., 2003).

However, scientific reports have demonstrated that the use of different NO3™ :
NHj4" ratios in fertilizers, which range from 80:20 to 90:10, can have positive effects on
the morphological and physiological characteristics of plants, being a viable alternative

for management in citrus orchards in tropical soils (Moda et al., 2021).

2.3.4 Nitrogen fertilization: sources mixture (NO3 + NHy¢")

Although the N supply exclusively in the ammoniacal form can generate toxic
effects, management at adequate rates and proportions can favor plant development since
the nutrient is absorbed in its reduced form, which allows its incorporation into the carbon
compounds of the plant organism, without the need for NO3™ uptake and reduction (Moda
et al., 2021). Adequate ratios between NO3 : NH4" can modulate the other ions' uptake,
altering primary and secondary metabolism and, thus, influencing plant development,
compared to the N supply in a single form (Qin et al., 2021).

Moda et al. (2021) observed that the NO3 : NH4" ratio of 80:20 promoted more
significant orange seedlings development, while the NOs™: NH4" ratio of 26:74 induced
severe ammonium toxicity. In the studies by Quaggio et al. (2014), a correlation was
observed between the NOs : NH4" ratio of 85:15 in the orange plants' sap at the highest
fruit production achieved.

However, there are few reports in the literature that establish the adequate NO3":
NH;" ratios for management in citrus orchards established in tropical soils, therefore
requiring studies that establish adequate techniques for better plant development,
increased NUE, and, consequently, an increase in fruit yield. Understanding and applying

the appropriate N sources management, as already explored in this review, interplays with



other nutrients’ dynamics in the soil and the plant, affecting the anions and cations

availability and absorption, such as Ca (Mattos-Jr et al., 2003, 2020).

2.4 Calcium in the citriculture

Calcium is a cation absorbed by plants in its divalent form (Ca®"), whose entry
into cells is carried out solely by channels in the membrane, and its movement is produced
by the xylem flow from the roots to other organs through the respiratory stream,
presenting low mobility in the phloem (Morales et al., 2023). This nutrient is a cell wall
and middle lamellae structural and functional component in the calcium pectate form
(Rengel et al., 2022). Pectins are directly related to the cementing gel formation between
cells and, thus, contribute to the stiffening of plant tissues (Petena et al., 2016).

On the other hand, plant tissues with a calcium pectate reduced amount may have
low adhesion between cells. In addition, low Ca levels favor the enzyme
polygalacturonase activity (PG; E.C. 3.2.1.15) whose function is to catalyze the pectin
degradation (Taiz et al., 2017). In addition, Ca plays a role in cell division and elongation,
membrane permeability regulation, and stomatal opening and closing (Mattos-Jr et al.,
2020). Brazilian soils present high acidity and low fertility, with low Ca levels (Quaggio
et al., 2022). However, Ca management in citrus orchards is carried out mainly through
the limestone application, regardless of the orchard age. Despite this, the literature reports
that the supply of Ca soluble sources, such as calcium nitrate, contributes to high yields
(Quaggio et al., 2014).

In addition to these management strategies, studies indicate that the foliar
application of Ca soluble sources can be a potential fertilization technique, contributing
to an increase in the content of this nutrient in plants (Bonomelli et al., 2020). However,
the literature still needs to be more conclusive about this type of management. The studies
by Bonomelli and Ruiz (2010) showed that the calcium nitrate foliar application did not
influence the Ca content and fruit production in grapevines. In Agrotis spp., an increase
in Ca content was also not observed with the nutrient foliar application (John; Christians,
and Taber, 2003). This occurs mainly due to the Ca difficulty in penetrating the leaf cuticle
and its low mobility in the phloem (Pham; Singh, and Behboudian, 2012). Unlike most
crops of agricultural interest, citrus plants have higher Ca levels in leaf tissue (35-50 g
kg™!) when compared to other nutrients, such as N (25-30 g kg™!), for example (Mattos-Jr
et al., 2003; Quaggio et al., 2022).
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The Ca uptake by citrus plants depends on the N form uptake, in which the ratio
interferes with the charge balance in the plant (Hinsinger et al., 2003; Mattos-Jr et al.,
2020). In addition, literature data show a positive correlation between orange fruit
production and NUE with the NOs:Ca?" ratio in the sap extract and the Ca:N ratio in the
leaf (Quaggio et al., 2014).

In line with the role of this nutrient in plants, studies have addressed its influence
on increasing anatomical plant resistance under adequate Ca management conditions,
such as olive trees (Morales-Sillero et al., 2021) and orange (Petena et al., 2016). This
increased anatomical resistance favored by the Ca supply to plants can contribute to the
plant’s resilience in the face of biotic and abiotic stresses and tolerance to the disease

progress, such as citrus PFD, as observed by Petena et al. (2016).

2.5 Citrus postbloom fruit drop (PFD)

Citrus postbloom fruit drop (PFD), caused by Colletotrichum acutatum and C.
gleosporioides fungi species, is a disease widely distributed in the humid tropics and
subtropics of the Americas (Ferreira et al., 2023). The first reports of the disease were
recorded in the 1950s in Central America, but its cause was determined only at the end of
the 1970s in Belize (Fagan, 1979). In Brazil, the first PFD reports occurred in the southern
region in 1979 (Porto, 1993). The pathogen can survive without flowering as an
appressorium on citrus leaf and weeds (Frare et al., 2016).

During the flowering stage, floral extracts and sugar compounds are washed from
the flower to the leaf, and this extract induces appressorium fixation and secondary
conidia production, which are subsequently dispersed by the water from the leaf to
healthy flower. Although conidia can germinate at 6 to 41 °C, the optimal temperature is
between 22 and 27 °C. Cooler temperatures can delay the PFD development, while high
temperatures, under dry conditions, shorten the citrus flowering period, hindering disease
development (Gama et al., 2019). In addition to the adequate temperature for conidia
germination, floral infection occurs under periods of wetting from 12 to 18 h (Fegan,
1979).

Under these conditions, typical lesions appear on the petals 2 to 7 days after
inoculation and are characterized by the orange color due to the acervuli and conidia's
abundant presence. Subsequently, the necrotic lesions expand to the flowers' remaining

parts. This infection generates hormonal changes in the plants, resulting in young fruits'
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yellowing and abscission, with only the calyxes remaining attached to the branch (Ferreira
et al., 2023).

According to Frare et al. (2016), PFD epidemics in most citrus-producing areas in
Brazil are sporadic since the flowering periods occur during the dry season. However, in
the Southeast region of the Sao Paulo state, infections occur more frequently since the
citrus flowering period, mainly those of late season, coincides with the optimal
temperature and rainfall conditions for fungal infection. Under these conditions, Silva-Jr
et al. (2014) report that productivity losses caused by PFD can reach 80%. The PFD
control is mainly carried out by spraying protective fungicides, which in Brazil are
generally demethylation inhibitors (DMI) and external quinone inhibitors (Qol) (Silva-Jr
et al., 2014).

However, regardless of climatic conditions, citrus producers usually manage
fungicide sprays every 7 or 14 days, based on calendars, which results in high production
costs with unnecessary sprays, considering that disease outbreaks occur only when
climatic conditions are conducive to infections (Gama et al., 2019; Silva-Jr et al., 2014).
Alternative management approaches can be used sustainably to avoid excessive use of
fungicides and, consequently, alleviate the selection pressure for fungicide resistance,
such as Decision Support Systems (DSS) (Gama et al., 2019). More recently, the literature
has reported that adequate nutritional management can also assist in the citrus trees'
tolerance to various pests and diseases, such as infections by Colletotrichum spp.

Petend et al. (2016) observed that the Ca?" soluble supply to orange plants
contributed to the leaf and petal formation with greater mechanical resistance. These
characteristics contribute to the cell wall formation with less roughness, discouraging
pathogen fixation (Amorim et al., 2011). However, the literature still lacks data regarding
nutritional management as an auxiliary tool in PFD control, especially in field conditions.

Adding adequate nutritional management and orchard health is a fundamental part
of establishing practices that contribute to the sustainability of the Brazilian citrus
industry in the current scenario. Therefore, it is imperative to search for optimization of
agricultural inputs and tools that help farmers make decisions based on robust
information. In this context, precision agriculture tools, such as remote sensing, can

provide instantaneous data on plant and soil conditions.
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2.6 Remote sensing

For decades, precision agriculture (PA) has been recognized as one of the top ten
tools of agricultural revolutions. This tool allows the collection of more frequent and finer
spatial resolution data sets, which can assist in understanding the spatio-temporal
variability in agricultural areas (Siegfried et al., 2023). Remote Sensing (RS) has long
provided rich data for PA in agricultural management, and, in this context, several studies
have contributed to improvements in this tool, such as the flexibility of choosing adequate
temporal, spatial, and spectral resolution for specialized purposes (Shi et al., 2016).

The increasing use of unmanned aerial vehicles (UAVs) in various sectors of
society offers opportunities to contribute to the current agricultural production needs.
UAVs are commonly equipped with cameras and sensors to measure spectral and
morphological information, including the plant height estimation and the canopy surface
profile. Spectral reflectance or radiance can also be plant vigor, biotic and abiotic stresses,
biomass, soil characteristics, and crop yield potential indicators (Ozen, 2019).

Compared to satellite images, UAVs have advantages in providing images with
high spatial and temporal resolutions, greater geometric and spectral data availability, and
the fusion possibility of multisensor data fusion (Yao, Qin, and Chen, 2019). Although
Red, Green, and Blue (RGB) camera images can be used for topographic surveys and
orthoimages, multispectral cameras are necessary for differentiating soil cover analyses
from standardized image processing methods (Jorge, Vallbé, and Soler, 2019). Currently,
UAVs equipped with multispectral cameras can obtain spectral information in the red (R)
and near-infrared (NIR) bands, which allows the vegetation indices (VIs) valuable
derivation for application in agriculture (Yao, Qin, and Chen, 2019).

Over the years, various VIs has been developed to obtain data related to, for
example, the plant's water status, the photosynthetic pigments content, carbohydrate and
protein content, and biotic and abiotic stress levels. According to Yao, Qin, and Chen
(2019), the main VIs includes the Normalized Difference Vegetation Index (NDVI),
Green Vegetation Index (GVI), Atmospherically Resistant Vegetation Index (ARVI),
Optimized Soil-Adjusted Vegetation Index (OSAVI), Yellow Vegetation Index (YVI), and
Soil Brightness Index (SBI).

Although the NDVI is one of the most used Vls in agriculture, several studies
report criticisms, mainly because it presents saturation over dense vegetation and
variations in soil brightness, which generates significant variations from one image to

another (Davidson et al., 2022). As an alternative to the limitations of the NDVI, NDRE
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(Normalized Difference Red Edge) index use has been gaining space in RS, mainly
because it is favored in denser vegetation (Jorge, Vallbé, and Soler, 2019). Unlike the
NDVI, the NDRE presents a measure that is not strongly absorbed by the superficial
layers of the trees’ dense canopies, contributing to better interpretations in late-cycle crops
and perennial plants (Davidson et al., 2022; Thilakarathna and Raizada, 2018).

In the absorption spectra, there is an abrupt change between the red and NIR
reflectance of the vegetation, which is known as the red edge band (RE), which denotes
the boundary between the absorption by chlorophyll in the red range and the scattering
due to the leaf internal structure in the NIR band (Jorge, Vallbé and Soler, 2019).
Therefore, the RE has been explored to estimate the chlorophyll content, plant health,
nutritional status, and harvest estimates based on the photosynthetic activity transitions
(Jorge, Vallbé and Soler, 2019; Maccioni, Agati and Mazzinghi, 2001; Pinar and Curran,
1996).

The studies by Al Fanshuri et al. (2023) showed a strong relationship between VIs
and chlorophyll content, plant height, canopy area, and fruit number in a C. /imon. Xie et
al. (2023), in turn, observed that the characteristics obtained from multispectral images
are related to the plant canopy stomatal conductance and, from these data, determined the
citrus plants' water status. Although RS technologies have advanced in agriculture, many
researchers have focused their studies on annual crops and have little related to perennial
crops, such as citrus, mainly about the nutritional status of plants.

Therefore, RS tools validations in citriculture are essential to provide real-time
crop conditions, being a fast, effective, and often less expensive alternative compared to

destructive analyses of the plants.

3 GENERAL OBJECTIVES

The objectives of this investigation were to characterize the interactions between
fertilizer management, the nutritional status of plants, fruit production (Chapter 1), and
the predisposition of citrus trees to postbloom fruit drop (Chapter 2) in a fertigated
orchard, considering the use of different N fertilizer sources with or without foliar
application of Ca. In addition, evaluate and quantify these responses using advanced
remote sensing tools (Chapter 3), aiming to provide relevant insights for decision-making

in agricultural management practices in the field.
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CHAPTER 1

Nitrogen fertilizer sources and additional soluble calcium supply via foliar spray in
a fertigated citrus orchard

21



Nitrogen fertilizer sources and additional soluble calcium supply via foliar spray in
a fertigated citrus orchard

ABSTR ACT

The fertigation in the Brazilian citrus industry promotes an increase in the nutrient use
efficiency in the field. However, the nitrogen (N) dynamics in the soil is likely altered,
affecting soil solution composition and nutrient uptake by roots. Ammonium sources,
such as ammonium nitrate (AN), tend to acidify the soil, while nitric sources, such as
calcium nitrate (CN), preserve the soil's higher pH and increase the availability of cations,
such as calcium (Ca), nutrient required in large quantities by citrus trees. Furthermore,
foliar application of Ca has been discussed, which still requires studies to validate positive
effects in the orchard. Our objective was to investigate the effect of different N sources
applied via fertigation, as well as the foliar application of Ca to trees, on the production
environment, fruit quality and N use efficiency (NUE). To achieve this, we conducted a
field experiment, conducted for 4-years, with Natal sweet orange trees [Citrus sinensis
(L.) Osbeck] grafted onto Swingle citrumelo [Citrus paradisi Macfad. x Poncirus
trifoliata (L.) Raf] to evaluate the effects of N-fertilizer (CN, AN or CN+AN, 200 kg ha
'year! of N) applied via fertigation, and Ca applied via foliar (50 kg ha™! of Ca in the CN
form) on the soil chemical characteristics, plants nutritional status, fruit yield and NUE.
Maximum fruit yield, evaluated based on the average between 3 growing seasons, was
achieved with the CN or CN+AN fertigation, up to 20% higher in relation to the AN. The
CN or CN+AN sources also contributed to the maximum NUE in the orchard (~225 kg
kg™!). The foliar application of CN did not contribute to the increase in fruit yield. The
greater fruit yield of trees fertigated with CN or CN+AN treatments compared to AN was
associated with lower soil acidification (pH = 5.1) and consequent increase in the net
cation absorption by trees as well as in the concentration of Ca in the leaves. N sources
and foliar CN supply did not influence fruit quality. Therefore, fertigation with CN or the
mixture CN+NA improve the soil quality and plant ionic balance and result in productive
gains and NUE for citrus trees in tropical soils.

Keywords: ammonium; citrus sinensis; fruit yield; nitrate; nitrogen use efficiency.
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1 INTRODUCTION

Over the last decade, an increase of around 50% in the irrigated area in the citrus
belt was observed (Fundecitrus, 2022), highlighting the increase in the use of drip
irrigation, often associated with the fertigation technique (Souza et al., 2012). Such
systems have demonstrated effectiveness in optimizing the balance between demand and
supply of nutrients in plants' different physiological phases and minimizing nutrient
losses. Thus, adequate administration of fertigation can increase the efficiency of nutrient
use. Research indicates that nutrient use efficiency can be increased by up to 25% in

fertigation systems compared to solid fertilizer management (Quaggio, Mattos-Jr, and

Cantarella, 2006).

The fertigation practice can change the nutrient dynamics in the soil when
compared to rainfed conditions. This is particularly notable in the nitrogen (N) case, a
nutrient demanded in significant quantities by citrus (Quaggio et al., 2019). In fertigated
orchards, the ammonium (NH4") to nitrate (NO3) conversion, the form preferentially
absorbed by citrus, occurs at a lower rate when compared to rainfed conditions (Quaggio
et al., 2014). The limitation in the nitrification process in fertigated orchards is mainly
attributed to the water content in the wet bulb since the bacteria responsible for
nitrification are strictly aerobic and to the restricted soil volume in which the fertilizer is

applied (Souza et al., 2012).

Although NH4" sources, such as ammonium nitrate (AN), are frequently used in
citrus fertigation, studies indicate that NO3™ sources, such as calcium nitrate (CN), can
favor the production environment and contribute to increases in fruit yield (Chen et al.,
2020). CN is an important N source, as it provides the nutrient exclusively in the NO3
form, associated with soluble calcium (Ca) (Petena et al., 2016). Furthermore, the
literature reports that using CN in fertigated orchards can favor the increase in N use

efficiency (NUE) compared to ammonium sources (Quaggio et al., 2014).

Additionally, CN helps maintain higher soil pH and promotes the balance of the
NO;":Ca*" ratio in the plant, an essential factor for high fruit yield in citrus (Mattos-Jr et
al., 2003; Quaggio et al., 2014). In contrast to most crops, citrus plants exhibit
significantly high leaf Ca content, exceeding that of other nutrients (Mattos-Jr et al.,
2003). A potential strategy for Ca supply to citrus plants would be foliar application.

However, the effectiveness of this strategy is debated in the scientific literature, mainly
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due to the low nutrient mobility in the phloem, resulting in limited redistribution (Morales

etal., 2023).

Therefore, we aimed to investigate the effect of different N sources, supplied
through fertigation and the Ca supply, via foliar application, on the soil chemical
properties, the plant's nutritional status, the production and fruit quality, and NUE. Thus,
we tested the hypothesis that the CN supply, through fertigation, combined with the Ca
supply via foliar, compared to other sources, can favor the production environment,

contributing to fruit yield and NUE increases.

2 MATERIAL AND METHODS

2.1 Plant material and field conditions

The field trial was set up in 2020 in a commercial orchard of 6-year-old Natal
orange trees [Citrus sinensis (L.) Osbeck] on Swingle citrumelo rootstock (Citrus
paradise Macfad x Poncirus trifoliata L. Raf.), spaced 7.0 m x 2.0 m (with a population
of 714 trees ha™!) located in the Santa Cruz do Rio Pardo municipality (22° 53' 56" S and
49° 37" 57" W), southeast region of the Sao Paulo State, Brazil. The initial characteristics
of the soil, before the start of the experimental conduction, in the surface layer (0-20 cm)
determined according to Raij et al. (2001) were: pHcaci2 = 4.5; P-resin = 61.4 mg dm™; K
= 2.0 mmol, dm™; Ca = 21.5 mmol. dm™; Mg = 6.3 mmol. dm™ and base saturation (V,
%) of 46. Before the treatments were set up, the soil was limed with dolomitic limestone
to increase V up to 70% and re-limed during the conduction of the experiment when V
was lower than 50%.

The experimental area is equipped with a fertigation system dedicated to the
treatment application, being automated for the differential fertilizers injection into three
heads, each with independent lines of drippers spaced 0.70 m. Irrigation management was
guided by daily evaporation measured by a Class A pan, and potential evapotranspiration
(ETp) and crop evapotranspiration (ETc) were calculated according to Allen et al. (1998).

The N, potassium (K) and boron (B) was supplied twice a week by fertigation,
from early spring (September) to late autumn (May). The annual dose of K was
established at 180 kg ha! year! of K0 as potassium chloride (KC1). Phosphorus (P) was

applied in winter, in a single application of monoammonium phosphate (MAP; solid) at
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a rate of 120 kg ha'! year™! of P,Os. Micronutrients, with the B exception, were supplied
annually through foliar applications, following the Quaggio et al. (2005)

recommendations.

2.2 Experimental design and treatments application

The experiment was conducted in a completely randomized design, in split plots.
Each plot consisted of three rows with 35 uniform trees each (105 plants plot™'), but only
the central 20 trees from the central rows of each plot were used for sampling. The
treatments were applied between the years 2020 and 2023, in which the plots were
designated considering the presence or absence of foliar application of calcium, while the
subplots were related to different sources of N in fertigation, totaling six treatments with
eight replications each. The treatments with foliar application of Ca received two
applications of 25 kg ha! of Ca each, supplied from calcium nitrate, carried out between
the pre-flowering period and the "ping-pong" fruits (3.0-5.0 cm in diameter), with a
volume of 2,000 L ha™!. The subplots were made up of N sources supplied by fertigation,
namely 200 kg ha! year™! of N in the form of calcium nitrate (CN), 200 kg ha™! year! of
N in the form of ammonium nitrate (AN), and a combination of sources (100 kg ha™! year”

"' of N in the CN form and 100 kg ha™ year! of N in the AN form; CN+AN) (Figure 1).

F ; N CN + Ca foliar spray

% With Ca spray ! ‘With Ca spray

CN  TIRI TIR2 TIR3  TIR4 w CN + AN + Ca foliar spray
Sl ORI TIRZ AN + Ca foliar spray
TIRS  TIR6

AN ~ TRS T3RG = ‘ ¢ T4 Fg\\
CN + AN

i AN

Fig 1. Experimental area and treatments distribution. Legend: Ca foliar spray = calcium nitrate applied at
a dose of 50 kg ha"! of Ca via foliar spray between the pre-flowering and young fruit phases; CN = 200 kg
ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha™! of N in the ammonium nitrate form and 100
kg ha! of N in the calcium nitrate form; and AN = 200 kg ha™! of N in the ammonium nitrate form.

2.3 Soil chemical analysis

Soil chemical analysis was carried out in July 2023. Twenty subsamples were
collected at 0 to 20 cm and 20 subsamples at a depth of 20 to 40 cm in the wet bulb region
in each treatment, forming composite soil samples. Subsequently, chemical analyses of

pH, P, K, Ca, Mg, and Mn were carried out, according to Raij et al. (2001).
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2.4 Leaf nutrient content

In January 2024, four leaves were collected per plant from 20 useful plants in each
plot, the third and fourth newly mature leaf from a drain (fruit or new shoot) in the four
quadrants and at the plant median height, totaling 80 leaves per plot. The leaves were
carefully washed in a 0.08% detergent solution (v v'!), rinsed twice in distilled water, and
dried in a forced air circulation oven (60 °C) for 72 h. A manual mill was used to grind
200 mg of dry mass from each sample, then analyzed for the total content of

macronutrients and micronutrients, according to the methodology proposed by Bataglia

et al. (1983).

2.5 Fruit yield
Fruit yield (ton of fruit ha™!) was determined by weighing, on a field scale, the

fruits collected from 20 central trees of each plot annually during three growing seasons

(2021-2023).

2.6 Fruit quality

Samples were collected from 50 fruits from each plot in the year 2023 for analysis
of mass (g), acidity (g 100 mL™), °Brix and ratio, according to methods from the Quality
Laboratory of the Citriculture Center (IAC) (Reed et al., 1986).

2.7 Nitrogen use efficiency (NUE)
Nitrogen use efficiency (NUE) was calculated as the ratio of kg of fruit produced
per kg of nitrogen applied.

2.8 Statistical analyzes

Soil chemical analysis and leaf nutrient content data were analyzed using analysis
of variance (ANOVA) for values obtained in the last year of experimental conduction
(2023/2024). Fruit yield and NUE data were calculated during the three growing seasons
(2021-2023), and subsequently, the means of these variables were submitted to ANOVA.
The F test was adopted at P<0.05. The Scott-Knott mean test was used at 5% statistical
probability in significant cases. A linear correlation was also used to describe the

relationships between the selected variables.
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3 RESULTS

3.1 Soil chemical analysis

The soil chemical analysis (2023) showed a relationship between soil pH and the
source of N supplied via fertigation, with N as CN-source contributing to higher pH
values, both on the surface (0-20 cm; pH = 5.1) and in the subsurface (20-40 cm; pH =
4.9). The treatment CN+AN contributed with an intermediate pH value (0-20 cm; pH =
4.8), while the treatment with AN induced a more pronounced decrease in soil pH (0-20
cm; pH =4.4) (Table 1).

Phosphorus availability in the soil surface was similar for treatments with AN or
CN+AN (P-resin ~89 mg kg™!), higher than that observed with CN fertigation (P-resin =
66.4 mg kg!). No differences were observed between the CN or CN+AN treatments in
the subsurface layer, while soil fertigated with AN exhibited higher P availability. No
differences in exchangeable K were observed in both layers sampled (Table 1).

Fertigation with CN increased the Ca availability in the soil, mainly in the surface
layer, where values greater than 50% were observed compared to soil fertilized with AN.
In contrast, the Ca availability in the soil fertigated with CN+AN was intermediate in
relation to the other treatments. Furthermore, CN supply also resulted in higher Ca
availability in the subsurface layer, while no differences were identified between the
CN+AN or AN treatment. The foliar spray of Ca contributed to increased Ca availability
in the soil, especially in the surface layer (Table 1).

The magnesium (Mg) availability in the surface layer was higher in soils that
received fertigation with CN+AN, contrasting with the CN and AN treatment, in which
the availability of this nutrient was below 10 mmol. dm™. The manganese (Mn)

availability was higher in both soil layers when AN was applied (Table 1).
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TABLE 1. Soil chemical attribute (2023) in the surface layer (0-20 cm) and subsurface layer (20-
40 cm) in a commercial Natal orange grafted onto Swingle citrumelo rootstock orchard fertigated
with different nitrogen sources, with or without foliar application of calcium.

pH  P-resin K Ca Mg Mn
Treatments mgdm?® mmol, dm3 -—--——-——— mg dm™
0-20 cm
Foliar (Fo) With 4.8 75.7 34 41.6 10.0 9.0
Without 4.7 82.4 3.2 32.0 10.2 11.0
CN 5.1a 66.4b 34 43.9a 8.7b 9.0b
Source (N) CN+AN  4.8b 82.8a 3.2 35.9b 12.6a 9.0b
AN 4.4c 89.3a 33 28.1c 9.0b 13.0a
Fo ns ns ns * ns ns
F Test N - x ns - x -
Fo X N ns ns ns ns ns ns
20-40 cm
Foliar (Fo) With 4.4 31.9 1.7 23.9 4.8 11.0
Without 4.5 35.0 2.0 259 5.8 12.0
CN 4.9a 24.6b 2.0 34.3a 5.1 8.0b
Source (N) CN+AN  4.4b 32.3b 1.7 22.3b 5.7 9.0b
AN 4.0c 43.4a 1.9 18.2b 52 17.0a
FO ns ns ns ns ns ns
F Test N - x o - ns -
Fo X N ns ns ns ns ns ns

Legend: Foliar (Fo) = calcium nitrate applied at a dose of 50 kg ha™! of Ca via foliar spray between the pre-
flowering and young fruit phases; CN = 200 kg ha'! of N in the calcium nitrate form; CN+AN = 100 kg ha
! of N in the ammonium nitrate form and 100 kg of N ha-1 in the calcium nitrate form; and AN = 200 kg
ha™! of N in the ammonium nitrate form. ns, * and **: non-significant, significant at 5%, and significant at
1%, respectively, according to the F test. Means followed by the same letter in the column and within each
variation cause do not differ statistically between the Scott-Knott Test at a 5% probability level.

3.2 Leaf nutrient content

In the fourth year of experimental conduct (2024), the nutritional status of orange
trees revealed that the N sources did not affect the foliar N, P, and K content. However, it
was observed that plants subjected to fertigation with CN or CN+AN demonstrated a
higher Ca foliar concentration (Ca ~30.0 g kg'') when compared to the average content
in plants fertigated with AN (Ca =25.6 g kg!). The N sources also influenced Mg content
in plants. Plants fertigated with CN or the CN+AN exhibited lower Mg content (Mg ~1.8
g kg'!) than those with AN (2.4 g kg'!). Additionally, the leaf Mn content was affected by
the N source supplied, in which plants treated with CN showed the lowest content of this
micronutrient, followed by plants fertigated with CN+AN. In contrast, plants fertigated
with AN showed the highest Mn content in the leaves (up to 55.6 mg kg™!). Furthermore,
the Ca foliar application did not affect leaf nutrient content (Table 2).
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TABLE 2. Leaf content (2024) of the macronutrients N, P, K, Ca and Mg and the micronutrient
Mn in a commercial Natal orange grafted onto Swingle citrumelo rootstock orchard fertigated
with different nitrogen sources, with or without foliar application of calcium.

Treatments N P K 3 Ca Ms Mn 3
g kg mg kg
Foliar (Fo) With 24.1 1.1 12.9 27.8 2.0 46.0
Without 24.1 1.0 12.9 28.3 2.0 41.0
CN 24.7 1.0 12.7 30.3a 1.7b 32.0c
Source (N) CN+AN 24.3 1.1 12.9 28.2a 1.8b 43.0b
AN 23.4 1.1 13.0 25.6b 2.4a 56.0a
FO ns ns ns ns ns ns
F Test N ns ns ns * ns *
FO X N ns ns ns ns ns ns

Legend: Foliar (Fo) = calcium nitrate applied at a dose of 50 kg ha™! of Ca via foliar spray between the pre-
flowering and young fruit phases; CN = 200 kg ha'! of N in the calcium nitrate form; CN+AN = 100 kg ha
! of N in the ammonium nitrate form and 100 kg of N ha-1 in the calcium nitrate form; and AN = 200 kg
ha! of N in the ammonium nitrate form. ns, * and **: non-significant, significant at 5%, and significant at
1%, respectively, according to the F test. Means followed by the same letter in the column and within each
variation cause do not differ statistically between the Scott-Knott Test at a 5% probability level.

3.3 Fruit yield and quality

Fertigation treatments affected average values of fruit yield across the three
growing seasons (2021-2023; Figure 2), with trees receiving the AN exhibiting lower fruit
yield than CN or CN+AN, which resulted in increases in fruit yield of approximately 22%
and 17%, respectively. No effects were identified between fruit production and foliar-

applied Ca management.

CN Foliar Spray (Fo): ns l:l_\J_so-m-Ce

60 - N-Source (N): * [ CN Foliar Spray
FoxN: ns
s ¢ A
"-g _I_ _I_ ns T
B
T 40 I
=
&2
> 304
=
= 201
10

CN CN+AN AN WithWithout

FIGURE 2. Orange trees fruit yield (t ha™!) of depending on the nitrogen source supplied via fertigation
(CN =200 kg ha! of N in the calcium nitrate form; CN+AN = 100 kg ha! of N in the ammonium nitrate
form and 100 kg ha! of N in the calcium nitrate form; and AN = 200 kg ha! of N in the ammonium nitrate
form) and with or without foliar calcium (50 kg ha™' of Ca). Average values over three growing seasons
(2021-2023). Means followed by equal letters do not differ from each other (P<0.05), within the same
variation cause, according to the Scott-Knott test.
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After four years of experimental conduct (2023), we observed that the
management of N sources supplied via fertigation and foliar application of Ca did not
affect the mass, °Brix, and ratio of fruits. Differences were observed between treatments
in relation to fruit acidity. Plants fertigated with AN produced fruits with more acidity
when compared to those fertigated with CN or CN+AN (Table 3).

TABLE 3. Quality of fruits (from the 2023 harvest) of a commercial Natal orange grafted onto
Swingle citrumelo rootstock orchard fertigated with different nitrogen sources, with or without
foliar application of calcium.

Treatments Mass Acidity “Brix Ratio
g g 100 mL!
Foliar (Fo) With 195.6 0.7630 10.9 14.4
Without 192.6 0.7629 10.7 14.1
CN 189.6 0.7314b 10.6 14.6
Source (N) CN+AN 197.6 0.7475b 10.7 14.5
AN 195.1 0.8100a 11.0 13.7
FO ns ns ns ns
F test N ns * ns ns
FO X N ns ns ns ns

Legend: Foliar (Fo) = calcium nitrate applied at a dose of 50 kg ha™! of Ca via foliar spray between the pre-
flowering and young fruit phases; CN = 200 kg ha'! of N in the calcium nitrate form; CN+AN = 100 kg ha
"' of N in the ammonium nitrate form and 100 kg ha'! of N in the calcium nitrate form; and AN = 200 kg ha-
"' of N in the ammonium nitrate form. ns, * and **: non-significant, significant at 5%, and significant at 1%,
respectively, according to the F test. Means followed by the same letter in the column and within each
variation cause do not differ statistically between the Scott-Knott Test at a 5% probability level.

3.4 Nitrogen use efficiency (NUE)

The greater fruit yield of trees fertigated with CN or CN+AN contributed to the
higher NUE (~225 kg kg') compared to the AN treatment (~175 kg kg™'). Foliar
application of Ca to the trees with CN, which delivered 40 kg ha! of N, resulted in a
reduction of approximately 22% in NUE, compared to N management exclusively via

fertigation (Figure 3).
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FIGURE 3. Nitrogen use efficiency (NUE) of depending on the nitrogen source supplied via fertigation
(CN =200 kg ha! of N in the calcium nitrate form; CN+AN = 100 kg ha™! of N in the ammonium nitrate
form and 100 kg ha™! of N in the calcium nitrate form; and AN = 200 kg ha! of N in the ammonium nitrate
form) and with or without foliar calcium (50 kg ha™! of Ca). Average values over three growing seasons
(2021-2023). Means followed by equal letters do not differ from each other (P<0.05), within the same
variation cause, according to the Scott-Knott test.

4 DISCUSSION

Soil acidification from N fertilization has been widely reported in agricultural
systems, including citrus orchards managed under fertigation systems on acidic soils
(Quaggio et al., 2014). In the present study, CN fertigation increased soil pH by almost
one unit compared to AN treatment. The extrusion of H" accompanies the uptake of NH4"
via H'-ATPase, while NOs™ is co-transported with protons to the cytosol via NRT
transporters. In this way, ammoniacal N decreases rhizospheric pH, while management
with nitric N favors the maintenance of higher pH values (Hachiya and Sakakibara, 2017).
Our results corroborate the findings of Cantarella et al. (2003) and Quaggio et al. (2014),
who observed a notable increase in soil pH in response to the supply of nitric sources in

tropical soils.

Additionally, in orchards subjected to fertigation, the concentration of fertilizers
in the wet bulb zone stands out, characterized by a limited volume of soil. This scenario
provides an accentuated acidification process when the N source has acidic
characteristics, as with AN (Souza et al., 2012). In addition to influencing soil pH, the

way N is made available to plants can affect the electrochemical balance and interfere
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with the availability of nutrients in the soil and the uptake of these nutrients by plants

(Rengel et al., 2022).

The greater availability of P in soils fertigated with AN or CN+AN may have been
influenced by the increase in P solubility in the presence of NH4" ions in the soil solution
via solubilization of P fractions (Barrow, Debnath, and Sen, 2020). Although the CN+AN
and AN source contributed to a more pronounced increase in P availability in the soil, of
35% and 25%, respectively, when compared to the CN source, all treatments presented
very high levels of this nutrient in the soil (>40 mg dm~; Quaggio et al., 2022). Another
factor that justifies the high availability of P in the soil is related to the temporal difference

between the application of the nutrient (June) and soil sampling (July).

The P content in orange leaves did not differ between treatments and was close to
the range suitable for citrus, as Quaggio, Mattos-Jr, and Boaretto (2010) reported. It is
worth mentioning that the nutritional diagnosis for P is difficult due to the remobilization
of this nutrient from the old leaf (not sampled in this study) to the new leaf of plants in

order to meet their growth needs (Zambrosi et al., 2012).

Soil acidification, intensified by the continuous AN supply, increased losses of
basic cations, including Ca?*, a crucial element for citrus tree development (Mattos-Jr et
al., 2003). Fertigation with soluble sources of Ca, at doses of 240 kg ha! (CN treatment)
and 120 kg ha! (CN+NA treatment), resulted in a significant increase in Ca availability
in the soil, up to 56%, compared to AN treatment. This greater availability of Ca translated
into an increase in leaf concentration of this nutrient of 18% and 12% in the CN and

CN+NA treatments, respectively, in relation to plants fertigated with the AN source.

The foliar application of 50 kg ha™! of Ca did not favor the increase of Ca content
in the leaf, possibly due to the low efficiency of foliar absorption of this nutrient, which
can be attributed, in part, to the thick leaf cuticle of citrus plants (Rengel et al., 2022).
Another possible explanation for the lack of response to increased foliar Ca concentration
after foliar application is the flow of sprayed solution from leaf to the soil surface
(Boaretto et al., 2023), which also contributed to increased soil Ca availability at around
10 mmol. dm>, compared to treatments without foliar application of Ca. These
observations suggest that Ca supply via fertigation is more effective for increasing Ca in

the soil and its uptake by citrus plants.
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The availability of Ca and NH4" ions in the soil may have influenced the
availability of Mg in soils subjected to fertigation with CN and AN, respectively. This
influence occurs through competition for binding sites on soil colloids. Notably, soils
fertigated with CN+AN showed greater Mg availability. However, in addition to
competition for binding sites, the higher Ca concentration in soils from CN and CN+AN
treatments may have significantly inhibited Mg absorption by plants when compared to
those fertigated with AN. These observations align with the findings of Quaggio et al.
(2014), in which the authors observed higher Mg content in plants treated with AN

compared to those fertigated with CN.

In addition to the loss of basic cations in the soil, the continuous reduction in the
pH caused by the NH4" use can increase the solubility of toxic elements, such as Mn. In
agreement, Souza et al. (2012) observed an increase in the availability of Mn in the soil
solution as the pH decreased. This relationship was evidenced by variations in Mn

concentration, which increased from 1.0 g L' at pH 5.7 to 7.0 g L' at pH 3.3.

Due to the increase in Mn concentration in the soil, an increase in the uptake of
this element was observed by plants subjected to fertigation with AN (55 mg kg™)
compared to those fertilized with CN (32 mg kg™') or CN+ AN (43 mg kg™!). Studies
conducted by Quaggio et al. (2014) revealed an increase in the content of this
micronutrient in orange trees as the pH of the soil solution decreased, ranging from 330
mg kg™ in plants grown in soil with pH 3.0 to 38.0 mg kg™! in plants grown in soil with
pH 6.9.

Although treatment with the AN source contributed to the increase in Mn content
in leaf, the observed value is still below that reported in the literature as toxic to citrus
plants. Li et al. (2010) showed that high concentrations of Mn in citrus seedlings leaves
(906 mg kg™!) can reduce photosynthetic efficiency, the total protein content in the leaves,
and plant growth. In contrast, the studies by Quaggio et al. (2014) showed that leaf Mn
levels above 238 mg kg™! could affect orange fruit yield.

This study demonstrated that management with different N sources did not
influence the N content in plants. However, the fruit yield of citrus trees is affected
depending on the N source used via fertigation due to the effects on nutrient dynamics in
the soil and the plant system. Ammonium toxicity in plants fertigated with AN likely

contributed to the decreased fruit and NUE production compared to plants treated with
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CN or CN+AN due to the high sensitivity of citrus to ammonium toxicity (Chen et al.,
2020).

Excessive NH4" ions can inhibit the activity of photosynthetic complexes I and II,
resulting in reduced production of ATP and NADPH, essential molecules for the
photosynthesis process (Esteban et al., 2016). The inhibition of these photosynthetic
complexes directly affects the rate of glucose production, consequently impacting plant
growth (Rengel et al., 2022). Additionally, NH4" accumulation within chloroplasts can
lead to acidification, negatively affecting the activity of photosynthetic enzymes and the
structure of thylakoids. The reduction in photosynthetic rate directly impacts vegetative

growth and fruit yield (Chen et al., 2020).

In addition to managing adequate N sources, the literature suggests that high fruit
yield can be achieved with adequate Ca levels and Ca: N ratio in citrus leaf (Quaggio et
al., 2014). Consistently, our data confirm the positive correlation between fruit production
and Ca concentration (Figure 3a) and the Ca: N ratio in leaves (Figure 3b). In this context,

greater fruit yield results in greater NUE.

Increases in NUE are associated with fertilizer use, improvement in nutrient uptale
by the roots, and increase in biomass production and fruit yield (Dovis et al., 2021). The
average NUE in citrus production varies from 150 to 350 kg kg™!, based on fruit yields of
30 to 60 t ha! (Qin et al., 2016). Accordingly, the greater fruit yield in plants fertigated
with CN or CN+AN is aligned with the increase in NUE of approximately 220 kg kg™
These results are consistent and similar to the findings of Quaggio et al. (2014), who also
recorded higher NUE values for CN (~300 kg kg!) and lowered values for the AN source
(~200 kg kg™!) for dosages of 240 kg ha! of N, close to the level of 200 kg ha! of N, used

in this experiment.
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FIGURE 3. Pearson correlation between fruit yield and Ca concentration in the leaf (a) and Ca:N in the
leaf (b). *P<0.05.

This information provides evidence that, for the same N dose, the NO3 : NH4"
ratio of 75:25, applied via the CN+AN treatment, results in an NUE equivalent to the
NOsexclusive supply. This approach can be considered a management alternative in
citrus orchards in tropical soils. Appropriate relationships between NOs™ : NH4" can
modulate ion uptake, altering primary and secondary plant metabolism and, thus,
influencing plant development compared to supplying N only NH4" or NO3™ form (Qin et
al., 2021).

Foliar application of Ca did not increase fruit yield and led to a decrease in NUE
compared to N application via fertigation alone. Furthermore, the total amount of N
supplied to the plants (240 kg ha™! of N, combining fertigation and foliar application) may
have exceeded the crop's demand during the development phase, contributing to the lack

of significant response in fruit yield (Rengel et al., 2022).

Efficient N management in citrus orchards is recognized for promoting increases
in fruit yield and improvements in fruit quality (Alva, Mattos-Jr and Quaggio, 2008). Liao
et al. (2019) observed that the total soluble solids (TSS) content is directly linked to the
N doses applied, and our results agree with this relationship, as no disparities in °Brix
values were observed between the different treatments, considering the supply of the same

N dose in all treatments.

Furthermore, the K influence on the citrus fruits mass, as highlighted by Alva et
al. (2006), is corroborated by our results, which showed no differences in leaf K content
and, consequently, in fruit mass. The decrease in Ca absorption in plants fertigated with
AN may have contributed to the greater fruit acidity in this treatment, since Ca plays a
role in neutralizing acids (Al-Dosary, Abdel-Sattar and Aboukarima, 2022; Serna et al.,
1992). Thus, plants with higher Ca levels produced fruits with lower acidity.
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The information from this study provides evidence that the supply of N through
different sources of fertilizers has a direct impact on the development and production of
fruits of citrus trees, demonstrating the sensitivity of these plant species to management
conditions with sources exclusively of ammonium and opens margins for advances in
research aimed at establishing appropriate management of nitrogen fertilizers supplied

via fertigation in citrus orchards established in tropical soils.

5 CONCLUSION

The results showed differences between the different forms of N supplied via
fertigation, mainly in fruit yield and NUE. Notably, CN or CN+AN increased fruit yield
by approximately 25% and NUE by approximately 30% when compared to plants
fertigated with AN. Therefore, CN or CN+AN sources are suitable for the fertigation of
citrus orchards in tropical soils. The source of N supplied to plants does not directly
influence fruit quality. Soluble Ca management via foliar application did not improve the

production environment.
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CHAPTER 2

Effect of nitrogen-fertilizer fertigation and calcium foliar spray on the incidence of
postbloom fruit drop in citrus
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Effect of nitrogen-fertilizer fertigation and calcium foliar spray on the incidence of
postbloom fruit drop in citrus

ABSTRACT

Citrus Postbloom Fruit Drop (PFD), a serious disease in citrus orchards caused by the
fungus of the genus Colletotrichum, reduces citrus fruit yield by up to 90% under
favorable climatic conditions. Although primary control of PFD is achieved with use of
fungicide, studies indicate that calcium (Ca), a structural component of plant cells, can
increase plant tolerance to the disease. Therefore, the objective of this study was to
evaluate the predisposition of citrus trees to PFD in an orchard fertigated with different
sources of nitrogen (N) and determine whether an additional supply of Ca, via foliar
application in the form of calcium nitrate (CN), could increase the concentration of Ca in
flowers and, consequently, reduce the incidence of symptomatic flowers to PFD. We
conducted a field experiment over 4-years in a commercial Natal sweet orange orchard
[Citrus sinensis (L.) Osbeck] grafted onto Swingle citrumelo [Citrus paradisi Mactad. x
Poncirus trifoliata (L.) Raf], under fertigation. The experimental design was completely
randomized, with plots representing the fungicide application and subplots representing
the foliar application of 50 kg ha™! year! of Ca, in the CN form, and different N sources
supplied via fertigation (200 kg ha™! year! of N in the CN form, 100 kg ha! year! of N
in the CN form plus 100 kg ha™! year! of N in the AN form or 200 kg ha™! year! of N in
the AN form). We evaluated the nutrient content in flowers, the incidence of symptomatic
flowers to PFD under controlled inoculation, the number of retained calyces, the number
of fruit set and fruit yield. The results indicated that the supply of CN favored the increase
of Ca in flowers and contributed to a 30% lower incidence of the disease compared to
other treatments. The supply of CN plus AN contributed to greater fruit yield, regardless
of the fungicide application. Foliar application of Ca did not contribute to the reduction
of symptomatic flowers and did not favor fruit yield. Therefore, adequate management of
N fertigation with the soluble CN source improved the production environment and
favored absorption of Ca by trees, and consequently the Ca concentration of flowers (up
to 4.4 g kg!), what represent a useful tool in the PFD management in the field.

Keywords: Ammonium nitrate; calcium nitrate; Colletotrichum spp.; fertigation; orange
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1 INTRODUCTION

Citrus postbloom fruit drop (PFD) is an important citrus disease, in the Americas
tropics and subtropics, caused by Colletotrichum spp., whose first reports indicated the
fungi Colletotrichum acutatum and C. gloesporioides as the causal agent and, later, C.
abscissum, belonging to the C. acutatum complex (Marques et al., 2020). PFD is
responsible for drastic economic losses in the Brazilian citrus industry, with drops in fruit
yield that can exceed 80%, when adequate management is not carried out and in years
whose climatic conditions are favorable for the fungus development (Silva- Jr et al.,
2014).

Although the Colletotrichum spp. conidia can germinate at temperatures ranging
from 6 to 41 °C, the optimal temperature for development is between 22 and 27 °C (Gama
et al., 2019). In addition to temperature conditions, floral infection occurs under leaf
wetness conditions that vary from 12 to 18 h (Silva-Jr et al., 2014a). Typical lesions
appear on the petals 2 to 7 days after fungi inoculation and are characterized by an orange
color, which later become necrotic lesions and expands to the parts of the remaining
flower.

After the infection stages, the plants show hormonal changes, resulting in the
yellowing and young fruits abscission, with only the floral calyces remaining on the
branches (Ferreira et al., 2023). Although in most citrus-producing areas in Brazil,
flowering occurs during the dry season, which makes PFD epidemics sporadic, in the
southeast region of the Sdo Paulo State, infections occur more frequently. This occurs
because the flowering period coincides with favorable climatic conditions, especially in
late varieties, such as Valencia and Natal sweet orange trees (Goes et al., 2008).

PFD control is mainly carried out by spraying protective fungicides, which, in
Brazil, are generally demethylation inhibitors (DMI) and external quinone inhibitor (Qol)
(Silva-Jr et al., 2014b). Alternative management approaches can be used to avoid
excessive fungicide use, ensure greater citrus sector sustainability, and alleviate selection
pressure for fungicide resistance (Gama et al., 2019; Perondi et al., 2020).

Several reports in the literature indicate that adequate nutritional management can
help increase plant tolerance to various diseases and pathogens, such as Huanglongbing
(Esteves et al., 2021; Shen et al., 2013; Uthman et al., 2020) and PFD (Petena et al., 2016;
2022). Establishing adequate nutrient management is essential to guarantee high fruit
yield and orchard health. The use of adequate nitrogen (N) sources, in orchards
established in tropical soils, can directly influence the nutrient uptake by plants (Quaggio
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etal., 2014). The use of nitric sources, such as calcium nitrate (CN), can favor the cations
absorption, while the use of ammoniacal sources, such as ammonium nitrate (AN),
reduces the net cations uptake by plants, mainly calcium (Ca) (Rengel et al., 2022).

Ca is a cell wall and middle lamellae structural and functional component in the
calcium pectate form and plays a role in cell division and elongation (Mattos-Jr et al.,
2020). In previous studies, Petena et al. (2016) observed that the supply of soluble Ca to
orange plants contributed to the petal’s formation with thicker and more homogeneous
tissues, which could be an alternative to make the microclimate of this organ unfavorable
for the fungi fixation. More recently, Petana (2022) concluded that the supply of soluble
Ca contributed to floral tissues with less roughness and whose PFD infection is reduced
under controlled conditions.

In this context, field studies aim to find how cause/effect relationships between
adequate nutritional management and the orange trees tolerance to PFD
become important tools for the sector sustainability. Therefore, our objectives were: i) to
evaluate the citrus predisposition to PFD in an orchard fertigated with different
N sources; and ii) evaluate whether the additional Ca supply, applied via foliar, in the CN
form, helps to increase Ca in flower and contributes to the symptomatic flowers’
reduction in the PFD. We tested the hypothesis that the CN supply, in relation to AN and
the source mixture (CN+AN), via fertigation, associated with the additional Ca supply,
via foliar, supplied as CN, contributes to increasing the orange trees' sweet tolerance to
PFD.

2 MATERIAL AND METHODS

2.1 Plant material and field conditions

As described in item 2.1 of Chapter 1.

2.2 Experimental design and treatments application

The experiment was conducted in a completely randomized design in
subsubdivided plots, with plots (with or without fungicide control) and subplots (N-
sources and foliar Ca application), totaling 12 treatments with four replications (Figure

1). The experimental plots comprised 35 plants x 3 lines (105 plants plot™!). The
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treatments were applied between the years 2020 and 2023. The N-sources, supplied via
fertigation, constituted 200 kg ha™! year! of N in the form of calcium nitrate (CN), 200
kg ha! year! of N in the form of ammonium nitrate (AN), and the mixture of sources
(100 kg ha! year! of N in the CN form and 100 kg ha™! year! of N in the AN form;
CN+AN). The foliar Ca treatments received two applications of 25 kg ha™! of Ca, each,
between pre-flowering and “ping-pong” fruits (3.0-5.0 cm in diameter), in a volume of

2,000 L ha'.

The plots with fungicide control [Trifloxystrobin (100 g L") + Tebuconazole (200
g L), 800 mL ha''] received applications between flowering at stages R1/R2 (green and
closed buds), R3/ R4 (buds with expanding corolla), R5 (fully expanded corolla), R6
(open flowers) and R7 (petal fall), in a volume of 2,000 L ha™.

B CN + Ca foliar + Fungicide
CN+AN + Ca foliar + Fungicide
AN + Ca foliar + Fungicide
" CN + Fungicide
e T B ECN+AN + Fungicide
TeRI TR | TIR3 TER3  TeRd LN AN + Fungicide
ns T Bl N + Ca foliar
CN+AN + Ca foliar
Ll AN + Ca foliar
[ 10 [
CN+AN
T2 W

'
¢ With Caspesy ™| Withowi Cs speuy

Fig 1. Experimental area and treatments distribution. Legend: Fungicide: Trifloxystrobin (100 g
L) + Tebuconazole (200 g L); Ca foliar : calcium nitrate applied at a dose of 50 kg ha! of Ca
via foliar spray between the pre-flowering and young fruit phases; Source (N): CN = 200 kg ha"!
of N in the calcium nitrate form; CN+AN = 100 kg ha! of N in the ammonium nitrate form and
100 kg of N ha-1 in the calcium nitrate form; and AN = 200 kg ha™! of N in the ammonium nitrate
form.

2.3 Flower mineral nutrient content

One hundred fully expanded flowers (August 2023; RS stage) were collected from
each plot's four quadrants of 20 central plants. The flowers were carefully washed in a
0.08% detergent solution (v v'!), rinsed twice in distilled water, and dried in a forced air

circulation oven (60 °C) for 72 h. A manual mill was used to grind 200 mg of dry mass

44



from each sample, then analyzed for the total macronutrient content (N, P, K, Ca, and Mg)

according to the methodology proposed by Battaglia et al. (1983).

2.4 Colletotrichum acutatum inoculation

Annually (2020-2023), ten branches were marked on the ten central plants of each
plot (1 branch plant™), totaling 100 floral buds. These floral buds were inoculated with a
suspension of conidia with a concentration of 10° conidia mL™"' of Colletotrichum
acutatum and then stored in humid chambers for 24 h (Figure 2). One week after
inoculation, symptomatic PFD flowers were assessed according to the methodology

proposed by Silva-Jr et al. (2014b).

TR
Fig 2. Humid chamber established after spraying a solution containing 10° conidia mL! of
Colletotrichum acutatum in marked branch.

2.5 Percentage of symptomatic flower

The PFD incidence in flowers was evaluated seven days after the last fungicide
spray, annually, between the years 2020 and 2023, counting the number of symptomatic
open flowers on the marked branches, according to the methodology used by Silva-Jr et

al. (2014b).

2.6 Persistent calyces and fruit set number
Three months after the physiological fruit drop, the number of persistent calyces
and the number of fruit set for the same marked branches were evaluated in each year
(2020-2023), according to the methodology used by Silva-Jr et al. (2014b).
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2.7 Fruit yield
The methodology for analyzing fruit yield follows as described in item 2.6 of
Chapter 1.

2.8 Statistical analysis

Flower nutrient content, symptomatic flower, retained calyxes and, fruit set data
were analyzed using analysis of variance (ANOVA) for values obtained in the last year
of experimental conduction (2023). Fruit yield data were calculated during the three
growing seasons (2021-2023), and subsequently, the means of these variables were
submitted to ANOVA. The F test was adopted at P<0.05. The Scott-Knott mean test was

used at 5% statistical probability in significant cases.

3 RESULTS

3.1 Flower nutritional analysis

The flower nutrient content of the Natal orange tree showed no effects of N
sources used in fertigation, as well as no response from the foliar application of Ca on the
N, phosphorus (P), potassium (K), magnesium (Mg), and sulfur (S) (Table 1). On the
other hand, it is worth highlighting that the Ca content of these flowers was markedly
influenced by the N fertilizer sources used via fertigation. The Ca content in flowers was
4.4 g kg! for plants fertigated with CN and 3.7 g kg™ in plants fertigated with AN, a
difference of approximately 20% of this nutrient in floral tissue. This response pattern
was observed in analysis of flower nutrient content from previous years (2020, 2021 and

2022; data not showed).

The foliar fertilization with CN influenced the Ca flower content. Trees subjected
to foliar spraying exhibited lower foliar Ca content than those without foliar spraying
(Table 1). It should be noted that the content of none of the nutrients varied depending on

whether or not fungicide was applied to control the Colletotrichum spp.
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TABLE 1. Flower nutrient content (N, P, K, Ca, Mg and S) of a commercial Natal orange grafted
onto Swingle citrumelo rootstock orchard fertigated with different nitrogen sources, with or
without foliar application of Ca or fungicide (2023).

Treatments N P K 3 Ca Mg S
gkg

. . With 30.6 2.7 17.0 4.0 1.7 1.6
Fungicide FW) vy ihout 306 26 168 41 1.7 1.5
Foliar (Fo) With 31.0 2.7 17.2 3.9b 1.7 1.6
Without 30.0 2.6 16.7 4.3a 1.7 1.5
CN 30.7 2.7 17.1 4.4a 1.7 1.6

Source (N) CN+AN 30.7 2.7 16.9 4.2a 7.7 1.5
AN 30.3 2.6 16.8 3.7b 1.7 1.5

Fu ns ns ns ns ns ns

Fo ns ns ns Hk ns ns

F Test N ns ns ns Hk ns ns

Fu X FO ns ns ns ns ns ns

Fu X N ns ns ns ns ns ns

Legend: Fungicide (Fu): Trifloxystrobin (100 g L") + Tebuconazole (200 g L!); Foliar (Fo): calcium
nitrate applied at a dose of 50 kg ha™! of Ca via foliar spray between the pre-flowering and young fruit
phases; Source (N): CN = 200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha™! of N in the
ammonium nitrate form and 100 kg of N ha-1 in the calcium nitrate form; and AN = 200 kg ha™! of N in the
ammonium nitrate form. ns, * and **: non-significant, significant at 5%, and significant at 1%, respectively,
according to the F test. Means followed by the same letter in the column and within each variation cause
do not differ statistically between the Scott-Knott Test at a 5% probability level.

3.2 Incidence of PFD symptomatic flowers

The application of the fungicide [Trifloxystrobin (100 g L™!) + Tebuconazole (200
g L'1)] was effective in PFD controlling when compared to plants that were not subjected
to any control. No differences were observed in the percentage of symptomatic flowers
between plants receiving or not receiving foliar application of Ca. Plants that received N
via fertigation in the CN form showed a lower percentage of symptomatic flowers in the

PFD than those that received N in the CN+AN or AN form (Table 2).
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TABLE 2. Symptomatic flower, retained calyces number and fruit set number of citrus postbloom
fruit drop (2023) on Natal orange tree onto Swingle citrumelo rootstock, in commercial orchard
fertigated with different nitrogen sources, with and without calcium nitrate and fungicide control
foliar applications.

Syptomatic Retained )
Treatments ygower calyces Fruit set
Yo Number branch™! ---------
. . With 11.2 5.5 0.4
Fungicide (Fu) Without 0.2 o 0
. With 32.5 7.4 0.4
Foliar (Fo) Without 201 - 0
CN 25.8b 5.5b 0.5
Source (N) CN+AN 33.8a 6.7b 0.5
AN 33.9a 10.7a 0.3
Fu = * ns
Fo ns ns ns
F Test N * - .
Fux Fo ns ns ns
FuxN ns ns ns

Legend: Fungicide (Fu): Trifloxystrobin (100 g L") + Tebuconazole (200 g L™'); Foliar (Fo): calcium
nitrate applied at a dose of 50 kg ha™! of Ca via foliar spray between the pre-flowering and young fruit
phases; Source (N): CN =200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha™! of N in the
ammonium nitrate form and 100 kg of N ha-1 in the calcium nitrate form; and AN = 200 kg ha™! of N in the
ammonium nitrate form. ns, * and **: non-significant, significant at 5%, and significant at 1%, respectively,
according to the F test. Means followed by the same letter in the column and within each variation cause
do not differ statistically between the Scott-Knott Test at a 5% probability level.

Using fungicide reduced the number of retained calyces, in contrast to the absence
of chemical management (Table 2). Foliar application of Ca, however, did not
demonstrate a beneficial effect in reducing the number of persistent calyces on sprayed
trees. Plants that received fertigation with AN showed a greater number of retained
calyces, while plants fertigated with CN or CN+AN sources showed the lowest averages.

No differences in fruiting per 10 branches were observed among treatments (Table 2).

3.3 Fruit yield

Fruit yield did not differ in relation to fungicide management or foliar spray with
CN. Fruit yield was approximately 25% greater in trees fertigated with CN or CN+AN,
compared to those fertigated exclusively with AN (Figure 3).
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FIGURE 3. Fruit Yield (t ha'!) of Natal orange tree under Swingle citrumelo rootstock, in a commercial
orchard fertigated with two nitrogen sources (calcium nitrate, ammonium nitrate and sources mixture), with
and without calcium nitrate and fungicidal control foliar applications. Legend: Fungicide (Fu) =
Trifloxystrobin (100 g L") + Tebuconazole (200 g L!); Foliar (Fo) = calcium nitrate applied at a dose of
50 kg Ca ha! via foliar spray between the pre-flowering and young fruit phases; Source (N): nitrogen source
applied via fertigation. CN = 200 kg N ha™! in the calcium nitrate form; CN+AN = 100 kg N ha™! in the
calcium nitrate form and 100 kg N ha™! in the ammonium nitrate form; and AN = 200 kg N ha! in the
ammonium nitrate form. ", * and **: non-significant, significant at 5% and significant at 1%, respectively,
according to the F test. Means followed by the same letter, in the column and within each variation cause,
do not differ statistically between by the Scott-Knott Test at a 5% probability level.

4 DISCUSSION

Most sweet orange varieties are susceptible to the disease caused
by Colletotrichum spp. However, the epidemic is more severe in cultivars that flower
during periods characterized by high rainfall and cloudy days, as with Natal orange (Goes
et al., 2008). Generally, disease control is based on the application of protective
fungicides, and the number of applications required to control PFD varies according to
environmental conditions and plant flowering phenology (Silva-Jr et al., 2014a).

The use of fungicide (trifloxystrobin + tebuconazole) is effective (~90%) in
controlling PFD infection even in years characterized by climate conditions favorable to
Colletotrichum spp. fungus (Silva-Junior et al., 2014). Our data corroborated that the
application of fungicide reduced symptomatic flowers compared to management without
fungicide intervention. However, due to unfavorable climatic conditions for infection and
disease progression, this management did not contribute to an increase in fruit production
compared to treatments without fungicide application, during the three harvests analyzed
(2021-2023).
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Colletotrichum spp. infection in citrus flower is related to periods of leaf wetness
that vary from 12 to 18 hours during the flowering period (Silva-Jr et al., 2014a).
Furthermore, cooler air temperatures delay the development of PFD, while high
temperatures and drought conditions shorten the citrus flowering period, hindering the
development of the disease (Gama et al., 2019). Corroborating this, data from the PFD
Forecast System (Fundecitrus, 2023) showed the percentage of Colletotrichum spp. spore
germination during the period of assessment of disease incidence in the area remained at

moderate to low risk.

In addition to the unfavorable weather conditions for the progress of the disease
in the harvest analyzed (2021-2023), Gama et al. (2019) highlight that there is a limit of
incidence of PFD below which there is no reduction in fruit production in citrus plants.
Although citrus trees are prolific in producing flower, only 0.1% to 3% of these flowers
turn into fruit. Thus, these factors corroborate the observed data, in which no differences
were observed in fruit yield and the number of fruits set, although there were differences

in relation to the percentage of symptomatic flower.

Under sustainable principles, alternative management approaches are necessary
strategies to optimize the use of agricultural inputs, including pesticides, which also
support reducing the chemical resistance of pests and diseases (Gama et al., 2019).
Indeed, implementing an appropriate and well-defined nutritional management program
can play a role in promoting citrus trees’ tolerance to a variety of pests and diseases
(Esteves et al., 2021; Shen et al., 2013; Uthman et al., 2020), including PFD (Petena et
al., 2016; 2022).

Petend et al. (2016) demonstrated that the supply of soluble Ca to Valencia orange
trees induced the best structural arrangement of cells and leaf and petal tissues. This is
because Ca is a structural and functional component in cell walls and middle lamellae,
mainly in the form of calcium pectate (Mattos-Jr et al., 2020). Consistently, plants
subjected to fertigation with CN and presenting higher Ca levels in floral tissue exhibited
alower incidence of PFD symptomatic flowers, in the marked branches, in the assessment

carried out in 2023.

The increase in Ca concentration in flower of trees fertigated with CN contributed

to the formation of a more compacted epidermal cell layer of petals, characterized by
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more resistant cell walls to mechanical force and pectolytic enzymes action of the
pathogen. These enzymes are secreted by fungi, in the process of establishment and
infection, and the presence of higher Ca content in the tissue inhibits enzymatic activity
(Stael et al., 2012). The more structured organization and greater cell wall thickness can
impair the ability of Colletotrichum spp. to infect and colonize host plant tissue (Petena,
2022). In addition to the increased anatomical resistance, the homogeneous tissue
formation creates a microclimate less favorable to the pathogen's installation in the flower'

petal (Amorin et al., 2011).

In PFD, after infection by the fungus, a hormonal change occurs in the plant,
leading to premature fruit fall, while the calyces remain retained on the branches for
several months. The presence of these retained calyces is an indication of the disease and
can impact fruit yield (Silva-Jr et al., 2014a). Our data demonstrated that the plants that
received the fungicide treatment, in addition to having a lower percentage of symptomatic
flowers, also had a lower number of retained calyces when compared to plants without
the fungicide treatment. Furthermore, the lower number of calyces retained in plants
fertigated with CN or CN+AN supports the hypothesis that flowers with higher Ca

contents exhibit greater tolerance to PFD infection.

Fertigation management with CN or CN+AN proved beneficial for increasing Ca
content in orange flower and contributing to the increase in fruit yield compared to
fertigation with AN. CN in citrus orchard fertigation grown in tropical soils favors fruit
production and nitrogen use efficiency (NUE), resulting from improvements in plant ionic
balance (Quaggio et al., 2014). On the other hand, using the NH4" source restricts the soil
nitrification process, decreases rhizospheric pH, and, therefore, reduces the net uptake of

cations by plants, mostly Ca** (Rengel et al., 2022).

Foliar fertilizer application is a significant component in nutritional management
programs due to the rapid nutrient absorption by leaves. However, the transport of applied
nutrients through the plant epidermis is a complex process, and efficiency depends on the
fertilizer source, the plant’s stage of development, and environmental conditions (Rengel
et al., 2022). The literature raises doubts about the effectiveness of Ca foliar application,
mainly due to its limited mobility in the phloem (Singh et al., 2013). Ca application in
reduced concentrations and at frequent intervals to meet plant demands appears as a

proposal for crop management. In our study, spraying Ca twice during the growing season
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did not result in an increase in Ca content in floral tissues. In this context, the foliar
application of Ca via CN did not demonstrate efficacy in controlling symptomatic PFD

flowers, nor did it contribute to an increase in fruit production.

Therefore, the management of nitrogen sources that contribute to improvements
in the production environment, favoring the absorption of Ca, such as CN or CN+AN,
can contribute as a complementary way of managing PFD in citrus orchards. This field
study contributed to the understanding already established in protected cultivation
(Petena, 2016; 2022) of the effects on the tolerance of citrus plants to PFD from

appropriate Ca management.

5 CONCLUSION

Appropriate management of N fertilizer sources, such as CN or CN+AN, in
fertigated citrus groves in tropical soils facilitates root absorption of basic cations, such
as Ca. In contrast, the use of AN inhibits the same. CN or CN+AN sources enhance the
fruit production of orange trees. Furthermore, Ca as a plant cell structural component, in
adequate concentrations in the plant tissue, can promote more homogeneous floral tissue
formation, making infection of Colletotrichum spp. more difficult in the field. The
additional supply of soluble Ca via foliar sprays did not increase Ca concentration in floral

tissue, nor did it contribute to a reduction in the PFD incidence.
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CHAPTER 3

Field attributes and the normalized difference red edge vegetation index in a citrus
orchard fertigated with different nitrogen sources
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Field attributes and the normalized difference red edge vegetation index in a citrus
orchard fertigated with different nitrogen sources

ABSTRACT

Using unmanned aerial vehicles (UAVs) with multispectral cameras captures spectral and
morphological information in agricultural systems, allowing the calculation of vegetation
indices (VI) and, subsequently, the fine-tuning of management practices. Among the Vls,
the Normalized Difference Red Edge Index (NDRE) stands out. Studies report positive
relationships between NDRE and some field attributes, such as nitrogen (N) content in
plants and agricultural production indices. Therefore, this study aimed to investigate the
correlations between NDRE and field variables in a citrus orchard managed with
fertigation. We tested the hypothesis that there are significant correlations between field
attributes and NDRE and that these correlations are influenced by the N fertilizer source
applied. A field experiment was conducted with the Natal orange tree [ Citrus sinensis (L.)
Osbeck] grafted on Swingle citrumelo [ Citrus paradisi Mactad. x Poncirus trifoliata (L.)
Raf], conducted in a completely randomized design, with three treatments repeated eight
times. The treatments consisted of supplying different sources of N via fertigation at a
dose of 200 kg ha! year! of N: calcium nitrate (N), ammonium nitrate (AN), and a
mixture of sources (CN+AN). Leaf and soil sampling were carried out to determine
nutrient concentrations in the plant and nutrient availability in the orchard. Fruit
production was recorded by weighing in the field. With field sampling, UAV flights were
conducted to obtain multispectral images and NDRE calculations. The N sources supplied
affected the NDRE values in all periods analyzed, with higher values observed for plants
fertigated with CN. Fertilizer sources applied via fertigation affected soil nutrient
availability but were poorly correlated with NDRE. Although NDRE is not directly
sensitive to leaf P, K, Ca, and Mg content, VI correlated with these variables. Leaf N
content strongly correlated with the Red Edge Normalized Difference Index (up to r =
0.96), regardless of the N source supplied. Fruit production also correlated highly with
NDRE (up to r=0.84). These data support future studies that seek to correlate and validate
prediction models between field variables and the NDRE Index in citrus orchards.

Keywords: citrus; multispectral images; nitrogen sources; soil attributes.
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1 INTRODUCTION

Remote Sensing (RS) technology has been a prolific data source for Precision
Agriculture (PA) agricultural management practices. In this domain, a series of studies
have improved the effectiveness of this tool, allowing the flexible appropriate temporal
selection, and spatial and spectral resolutions for specialized applications (Shi et al.,
2016). Additionally, Unmanned Aerial Vehicles (UAVs) increasing adoption in a wide
range of society sectors opens new possibilities to meet the contemporary agricultural
production demands.

UAVs are often equipped with imaging devices and sensors capable of capturing
spectral and morphological information, including estimating plant height and canopy
surface profile. Spectral reflectance or radiance can serve as plant vigor indicators, biotic
and abiotic stresses, biomass, soil characteristics, and crop production potential (Ozen,
2019). Currently, UAVs that have multispectral cameras can acquire spectral information
in the red (R) and near-infrared (NIR) bands, allowing the Vegetation Index (VI)
derivation that is applicable in agriculture (Modica et al., 2020).

According to Yao et al. (2019), a VIs variety has been developed over the years to
collect data related to various plant aspects, such as water status, photosynthetic pigment
content, carbohydrate and protein content, and biotic and abiotic stress levels. abiotic. A
notable example is the Normalized Difference Vegetation Index (NDVI). However,
despite NDVI being one of the most used Vs in agriculture, it has been criticized in
several studies, mainly for presenting saturation in dense vegetation and variations in soil
luminosity, resulting in large variations between images (Davidson et al., 2022).

As an alternative to NDVI distortions, the Normalized Difference Red Edge Index
(NDRE) has gained prominence in PA, mainly because it is more effective in dense
vegetation (Jorge, Vallbé and Soler, 2019). Unlike NDVI, NDRE is not strongly absorbed
by the surface layers of dense tree canopies, which contributes to better interpretations in
late-cycle crops and perennial plants (Davidson et al., 2022; Thilakarathna and Raizada,
2018).

In this sense, the NDRE has been explored to estimate important variables, such
as chlorophyll content, plant health, nitrogen (N) nutritional status, and harvest status,
based on photosynthetic transitions (Jorge, Vallbé and Soler, 2019; Maccioni, Agati and
Mazzinghi, 2001; Pinar and Curran, 1996). Despite advanced advances in SR

technologies in agriculture, many researchers have directed their studies to annual cycle
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crops. There is a notable gap in the literature related to perennial crops such as citrus,
especially regarding the plant’s nutritional status.

Therefore, our objective was to investigate the correlation between NDRE and
field variables in an orange orchard fertigated with different N sources fertilizer and
provide insights to improve precision agriculture in orange orchards. To do this, we tested
the hypothesis that there are significant correlations between NDRE and field attributes,

and these correlations are influenced by the N source supplied via fertigation.

2 MATERIAL AND METHODS

2.1 Plant material and field conditions

As described in item 2.1 of Chapter 1 (Figure 1).

=
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FIGURE 1. Image of the experimental area, delimited by red lines. Santa Cruz do Rio Pardo, Sdo Paulo
State, Brazil, 2023.

2.2 Experimental design and treatments application

The experiment was conducted in a completely randomized design. The
experimental plots were composed of 35 plants x 3 rows (105 plants plot™), but only the
central rows of each plot were used for analysis. The treatments were applied between
2020 and 2023. They consisted of the application of different sources of N via fertigation:
consisting of 200 kg ha™! year! of N in the form of calcium nitrate (CN), 200 kg ha™! year
"' of N in the form of ammonium nitrate (AN), and a mixture of sources (100 kg ha™! year”

' of N in the CN form and 100 kg ha! year! of N in the AN form; CN+AN). Each

treatment was repeated eight times.
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2.3 Soil chemical analysis

As described in item 2.3 of Chapter 1.

2.4 Leaf nutrient content

In March 2023, four leaves were collected per plant from 20 useful plants in each
plot, the third and fourth newly mature leaves from a drain (fruit or new shoot) in the four
quadrants and at the plant median height, totaling 80 leaves per plot. The leaves were
carefully washed in a 0.08% detergent solution (v v'!), rinsed twice in distilled water, and
dried in a forced air circulation oven (60 °C) for 72 h. A manual mill was used to grind
200 mg of dry mass from each sample, then analyzed for the total content of

macronutrients and micronutrients, according to the methodology proposed by Bataglia

et al. (1983).

2.5 Fruit yield
Fruit productivity (ton of fruit ha') was determined by weighing, on a field scale,

the fruits collected from the 20 central trees from the main line of each plot in November

2023.

2.6 Multispectral images obtaining

The flights were carried out simultaneously with field sampling: in March 2023,
a flight was carried out together with leaf sampling to analyze the nutritional status of the
plants; another flight was carried out in June 2023, parallel to the soil sampling and a final
flight was carried out in November 2023, during the harvest period. A Matrice 100 drone
was used, with a Zenmuse X3 camera and a Micasense camera, to obtain RGB and
multispectral images, respectively. Before each flight, the cameras were calibrated with a
white Spectralon plate. During the flight, images composed of pixels measuring

approximately 10 cm (RGB) and 17 cm (multispectral) were obtained.

2.7 Data analysis and the NDRE index calculation

This process aims to improve image quality and facilitate extracting relevant
information. In addition, the orthomosaic composition was performed, a process in which
the software analyzes each pixel of all imported images, called aero triangulation, to unite

similar pixels to assemble the 2D models as ortho mosaics.
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After preprocessing, QGIS software was used to segment the image using the
large-scale mean shift method (LSMS). This method is essential for removing interlining
and improving image quality for analysis. The Normalized Difference Red Edge Index
was calculated as shown in equation (I) (Widjaja-Putra and Soni, 2018). Finally, the
treatments were applied to extract statistical values. These values are essential for the

analysis and interpretation of multispectral images.

NIR — RedEdge

Equation (I): NDRE =
quation (D NIR + RedEdge

Where: NIR = Near-Infrared; RedEdge = refers to the region of rapid change in

vegetation reflectance in the electromagnetic spectrum, specifically in the NIR range.

2.8 Statistical analyzes

Field attribute data and NDRE values were subjected to analysis of variance
(ANOVA). If there were significant differences between the means, the treatments were
compared using the Tukey test, adopting a significance level of 5%. Pearson correlation

analyses and F test were performed to correlate field attributes and NDRE (P<0.05).

3 RESULTS

3.1 Normalized Difference Red Edge Index (NDRE)

NDRE values varied between treatments at the three moments of analysis (leaf
sampling, soil sampling, and harvest; Table 1). During the leaf sampling period, plants
fertigated with the CN source showed the highest VI (NDRE = 0.4625421), followed by
plants fertigated with CN+AN (NDRE = 0.4562413), while plants fertigated with AN
recorded the lowest index (NDRE = 0.4498123). The index obtained in July 2023 (soil
sampling period), showed higher values for plants fertigated with CN (NDRE =
0.7550274) compared to the IVs for plants fertigated with CN+AN (NDRE = 0.7483169)
or AN (NDRE = 0.7471351), which do not differ from each other.

In the fruit harvest (November 2023), plants fertigated with CN showed a higher
IV value (NDRE = 0.5705484), while plants fertigated with CN+AN or AN did not show

differences in NDRE values.

60



TABLE 1. Red Edge Normalized Difference Index (NDRE) collected in a commercial Natal
sweet orange orchard onto Swingle citrumelo, fertigated with different nitrogen fertilizer sources.

Treatments Leaf sampling Soil sampling Fruit harvest
NDRE NDRE NDRE
CN 0.4625421a 0.7550274a 0.5705484a
CN + AN 0.4562413b 0.7483169b 0.5603221b
AN 0.4498123c 0.7471351b 0.5582880b
F Test ' ' )

Legend: CN = 200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha! of N in the calcium
nitrate form and 100 kg ha! of N in the ammonium nitrate form; and AN = 200 kg ha"! of N in the
ammonium nitrate form. Leaf sampling - NDRE = index obtained during the leaf sampling period; Soil
sampling - NDRE = index obtained during the soil sampling period; Fruit harvest - NDRE = index obtained
during fruit harvesting. ™ and *: non-significant and significant at 5% respectively, according to the F test.
Means followed by the same letter, in the column and within each cause of variation, do not differ
statistically from each other using the Tukey Test at the 5% probability level.

3.2 Soil chemical attributes

The soil chemical analysis revealed that soil pH at the surface layer varied among
treatments, with CN promoting the highest value (pH = 5.1), the CN+AN intermediate
value (pH = 4.8), and the AN treatment the lowest value (pH = 4.4). Phosphorus (P)
availability in the soil also varied with imposed treatments, with the CN treatment
determining the lowest average, while the same did not differ in the CN+AN or AN
treatment. No differences were observed in the soil for exchangeable potassium (K)
(Table 2).

The calcium (Ca) availability in the soil was approximately 63% and 33% higher
in treatments that received CN or CN+AN sources, respectively, than in the soil fertigated
with AN. The magnesium (Mg) content in the soil was approximately 45% higher with
CN+AN fertigation than the CN or AN supply (Table 2).

TABLE 2. Soil chemical attributes at the 0-20 cm depth layer of a Natal sweet orange orchard
onto Swingle citrumelo rootstock fertigated with different nitrogen sources.

H P-res K Ca M
Treatments Cl;Clz e R —— mmol, dm™ ------—--- g— ----
CN 5.1a 66.4b 34 43 .9a 8.7b
CN + AN 4.8b 82.8a 3.2 35.9a 12.6a
AN 4.4c 90.0a 3.2 26.9b 8.4b
F Test i i ns i i

Legend: CN = 200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha"! of N in the calcium
nitrate form and 100 kg ha! of N in the ammonium nitrate form; and AN = 200 kg ha"! of N in the
ammonium nitrate form. ™ and *: non-significant and significant at 5% respectively, according to the F test.
Means followed by the same letter, in the column and within each cause of variation, do not differ
statistically from each other using the Tukey Test at the 5% probability level.
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Based on the NDRE data and soil chemical analysis, Pearson correlation was
established between these variables. No correlations were found for pH and Ca and
NDRE. Positive correlations were observed for the CN+AN or AN treatments and the VI
(r = 0.70) and P-res (r = 0.83) in the soil. No correlations were observed in the CN
treatment. The Mg availability in the soil showed negative correlation with VI with the

CN or CN+AN treatments, both r = -0.80 (Table 3).

TABLE 3. Pearson correlation values between the Red Edge Normalized Difference Index
(NDRE) and soil chemical attributes at the 0-20 cm depth layer of a Natal sweet orange orchard
onto Swingle citrumelo rootstock fertigated with different nitrogen sources.

Treatments pH P-res K Ca Mg
CN 0.50 0.50 0.90° -0.60 -0.80"
CN + AN NDRE 0.20 0.70 0.80" -0.50 -0.80"
AN 0.52 0.83" 0.53 -0.60 -0.48

Legend: CN = 200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha™! of N in the calcium
nitrate form and 100 kg ha! of N in the ammonium nitrate form; and AN = 200 kg ha™! of N in the
ammonium nitrate form. Pearson correlation coefficients followed by * are significant (P<0.05).

3.3 Leaf nutrient content

The nutrient content in the leaf of Natal orange trees indicated that N sources did
not affect the N, K, Ca, and Mg content. Higher P content was observed in plants that
received AN as a source of N via fertigation. In contrast, P content did not differ in plants

fertigated with CN or CN+AN (Table 4).

TABLE 4. Leaf contents of Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and
magnesium (Mg) of Natal sweet orange orchard onto Swingle citrumelo rootstock fertigated with
different nitrogen sources.

Treatments N P K =] Ca Me
gkg
CN 25.2 1.2b 12.7 443 2.5
CN + AN 25.8 1.3b 12.9 46.0 24
AN 25.1 1.4a 12.7 41.9 2.7
F Test ns * ns ns ns

Legend: CN = 200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha"! of N in the calcium
nitrate form and 100 kg ha™! of N in the ammonium nitrate form; and AN = 200 kg ha! of N in the
ammonium nitrate form. " and *: non-significant and significant at 5% respectively, according to the F test.
Means followed by the same letter, in the column and within each cause of variation, do not differ
statistically from each other using the Tukey Test at the 5% probability level.
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Leaf N content and VI showed positive and significant correlations, regardless of
the N source supplied via fertigation, with r values varying from 0.82 to 0.96. Phosphorus
was negatively correlated with NDRE. The Pearson correlation between leaf P content
and NDRE observed in the CN treatment was -0.78, for the CN+NA treatment, -0.65, and
for the AN treatment, -0.50 (Table 5).

Leaf K content was positively correlated with NDRE, regardless of the N source
used in fertigation, with values of Pearson correlation between 0.72 and 0.75. Leaf Ca
content and NDRE showed a negative Pearson correlation in all treatments. Furthermore,

negative correlations were observed between leaf Mg content and NDRE.

TABLE 5. Pearson correlation values between the Red Edge Normalized Difference Index
(NDRE) and contents of the macronutrients on Natal sweet orange orchard onto Swingle
citrumelo rootstock fertigated with different nitrogen sources.

Treatments N P K Ca Mg
CN 0.82" -0.78" 0.74 -0.95" -0.77"
CN + AN NDRE 0.85 -0.65" 0.72° -0.83" -0.74"
AN 0.96 -0.50" 0.75" -0.76" -0.84"

Legend: CN = 200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha™! of N in the calcium
nitrate form and 100 kg ha! of N in the ammonium nitrate form; and AN = 200 kg ha"! of N in the
ammonium nitrate form. Pearson correlation coefficients followed by * are significant (P<0.05).

3.4 Fruit yield
In the 2023 harvest, N sources supplied via fertigation did not influence the fruit

production of Natal orange trees (Table 6).

TABLE 6. Fruit production (t ha') of Natal sweet orange orchard onto Swingle citrumelo
rootstock fertigated with different nitrogen sources, 2023.

Treatments Fruit Yll eld
t ha
CN 39.1
CN + AN 34.0
AN 32.8
F Test ns

Legend: CN = 200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha"! of N in the calcium
nitrate form and 100 kg ha™! of N in the ammonium nitrate form; and AN = 200 kg ha! of N in the
ammonium nitrate form. "™ and *: non-significant according to the F test.
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Although no differences were observed in fruit production between the three tested
treatments, it was possible to establish robust and significant correlations between the
production of each treatment and the NDRE values obtained during fruit harvest. These
positive correlations indicated a direct relationship between NDRE and fruit yield. For
plants that received CN as the N source, the correlation between NDRE and fruit
production was 0.84. For the treatments that used the CN+AN or AN sources, the fruit

production correlations with the VI were, respectively, 0.76 and 0.72 (Table 7).

TABLE 7. Pearson correlation values between the Red Edge Normalized Difference Index
(NDRE) and Natal sweet orange fruit yield onto Swingle citrumelo rootstock fertigated with
different nitrogen sources.

Treatments Fruit Yield
CN 0.84"
CN + AN NDRE 0.76"
AN 0.72"

Legend: CN = 200 kg ha™! of N in the calcium nitrate form; CN+AN = 100 kg ha™! of N in the calcium
nitrate form and 100 kg ha! of N in the ammonium nitrate form; and AN = 200 kg ha"! of N in the
ammonium nitrate form. Pearson correlation coefficients followed by * are significant (P<0.05).

4 DISCUSSION

Plants change their spectral responses continuously during their cycle in response
to different environmental effects and nutritional management applied (Csajbok et al.,
2022). Several studies in the literature report the positive influence of the supply of nitric
sources on N management in citrus when compared to management with NH4" sources
(Chen et al., 2020; Souza et al., 2012; Quaggio et al., 2014). The toxic effects of
ammonium sources can affect plant health, generating damage to the photosynthetic
apparatus through the production of reactive oxygen species (ROS) and, consequently, a
reduction in the production of plant biomass, in addition to affecting the absorption of
some nutrients, mainly to those in the cationic form (Chen et al., 2023). This information
supports the differences observed for the NDRE value between the different treatments
in the three periods of analysis (leaf sampling, soil sampling, and fruit harvest; Table 1),
in which plants fertigated with N exclusively in the nitric form (CN), showed higher VIs
when compared to those fertigated with AN.

The NDRE, as it is a sensitive indicator of plant health and vigor, can indirectly

reflect the conditions of soil nutrient availability (Handique et al., 2017; Jorge, Vallbé and
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Soler, 2019). For example, soils with adequate pH generally have better availability of
nutrients for plants, such as N, P, K, Ca, and Mg, that can favor adequate plant
development and, therefore, higher VI (Lu et al., 2019). The value of the relationships
between soil attributes and the NDRE index continues to be a topic under discussion in
the literature. Several factors can affect VI responses and their correlations with field
variables, including the natural variability of soil and vegetation and the broad reflectivity
of the spectrum for different physicochemical characteristics of the soil, which makes it
difficult to extract the relationship between the information soil attributes and spectral
reflectance (Chen et al., 2011). This information corroborates our results in which no
significant correlations were observed between VI and nutrient availability in the soil

(Table 3).

Although the NDRE does not present direct sensitivity to the P, K, Ca, and Mg
content, these nutrients can indirectly influence the VI. P deficiency, for example,
compromises energy transfer in plant cells, resulting in lower vigor and, consequently, a
reduced NDRE (Lambers, 2022). K, in turn, is essential for stomatal regulation and
nutrient transport, and consequently, its proper management can favor plant health (Lu et
al., 2020). Ca, a structural and functional element of cells, also impacts the NDRE
indirectly. Its deficiency affects the plant's overall health, which can lead to a lower NDRE
(Choudhury et al., 2022). Mg, the central atom of the chlorophyll molecule, is crucial for
photosynthesis, and the levels of this nutrient can directly affect VI (Shao et al., 2021).

NDRE is especially useful in perennial plants, which, over time, accumulate a
significant amount of chlorophyll, explained by the fact that red light penetrates deeper
into leaves, enabling a more accurate chlorophyll content assessment (Davidson et al.,
2022). A study conducted by Pandey et al. (2022) demonstrated that NDRE exhibits the
highest correlation with leaf N content (r = 0.89) compared to other indices such as NDVI
(r=0.84) and SR (r=0.83). This correlation makes it possible to use NDRE as an indirect

N index content in plants.

The positive correlation between leaf N content and chlorophyll concentration is
attributed to the fact that approximately 50% to 70% of leaf N comprises chloroplast-
associated enzymes (Rengel et al., 2022). The literature consistently supports the positive
correlation between N content in orange trees and the NDRE index across all treatments

in this study (Table 5). In a recent study, Pandey et al. (2022) concluded that N
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deficiencies in Mentha arvensis plants can be easily detected by calculating the NDRE.
Yang et al. (2020) also observed a strong correlation between N content and N use
efficiency in wheat genotypes and the NDRE. This information highlights the

effectiveness of predicting N levels in plants based on the NDRE calculation.

In addition to the expected relationship between the NDRE index and N content
in plants, the literature also reports studies demonstrating a strong correlation between
production indices and NDRE (Al Fanshuri et al., 2023). Predicting crop yields across
growing seasons is crucial for initial diagnosis and quantitative regulation of crops. Zhang
et al. (2019) observed that NDRE is suitable for N nutritional analysis in Oryza sativa
and that the NDRE-based model could accurately predict differences between treatments
and final grain yield levels. The data obtained in our study corroborate the information
that it is possible to establish a positive correlation between the NDRE index and the fruit

yield, regardless of the N source supplied via fertigation (Table 7).

Therefore, using multispectral images and applying vegetation indices, such as
NDRE, represent valuable tools for efficient nutrient management. However, the
literature still needs robust information on the correlations between NDRE and field
attributes in perennial crops, such as citrus. The focus of research has been analyzing and
modeling data on annual crops such as soybeans and wheat, particularly in the context of
nutritional N and yield predictions. Therefore, our study established correlations between
NDRE and field variables, mainly related to N management and fruit production,
supporting future research in RS, which can establish more accurate prediction models
between the variables. Applying these RS tools can help manage N effectively, quickly,

and less expensively, contributing to innovations and sustainability for the citrus sector.

5 CONCLUSION

The use of the Normalized Difference Red Edge (NDRE) vegetation index
represented a promising approach in the context of efficient management in orange
orchards. N sources can influence plant health, and NDRE can measure this. This study
presented evidence that suggests a strong association between nutrient content, especially
nitrogen in citrus plants, and fruit production with the NDRE index, regardless of the N

source used. However, the correlations between nutrient availability in the soil and the
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NDRE index appear to be imprecise and are possibly established indirectly. Thus, our
findings corroborate the importance of developing more studies to validate and create

prediction models related to nutrient content and fruit production in citrus plants.
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