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Abstract: Nitrogen and micronutrients have a key role in many citrus plant enzyme reactions.
Although enough micronutrients may be present in the soil, deficiency can develop due to soil
depletion or the formation of insoluble compounds. The objectives of this study were to (1) determine
the adsorption, distribution, and availability of Zn in a sandy soil; (2) compare the effectiveness
of foliar and soil application methods of Zn on Huanglongbing [HLB] affected trees; (3) compare
foliar application rates of Zn for HLB-affected trees; (4) determine the effect of N rates on yield,
soil inorganic N distribution patterns, and tree growth parameters. Tree rows were supplied
with three N rates of 168, 224 and 280 kg·N·ha−1 and Zn at single and double recommended
rates (recommended rate = 5.6 kg·Zn·ha−1) using foliar and soil application methods, in a split-plot
experimental design. The results show that Zn concentration in the 0–15 cm soil depth was three times
higher than the 30–45 and 45–60 cm soil depths during the study. An adsorption study revealed high
Zn (KD = 6.5) sorption coefficients at 0–15 cm soil depth, while 30–45 and 45–60 cm depths showed
little sorption. Leaf Zn concentration for foliar spray was two times higher than the soil application
method. A nitrogen level of 224 kg N ha−1 improved canopy volume when compared to other N
levels at the expense of reduced fruit weight. Foliar Zn application at 5.6 or 11.2 kg ha−1 and N rate at
224 kg ha−1 appear to be adequate for improving the performance of HLB-affected citrus trees.

Keywords: ammonium nitrogen; Citrus sinensis; foliar micronutrient spray; nitrate nitrogen; zinc

1. Introduction

Several cultivars of sweet orange cultivated in Florida are reported to have a significant yield
response to N fertilizers at 168 kg ha−1 [1]. Nitrogen management programs showed that the ideal N
rate for increased fruit yield and quality is approximately 260 kg N ha−1 yr−1 under best management
practices (BMPs) and a proper irrigation schedule [2]. A previous study claimed enhanced knowledge
of the N budgets for citrus groves, which resulted in the development of appropriate BMPs to maintain
production while protecting the environment [3]. BMPs are designed to decrease N leaching into
groundwater by applying fertilizers in splits with appropriate rate and fertigation with improved
irrigation scheduling [2–4].
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Nutrients are important in disease control as they influence plant resistance, immunity,
and pathogen growth [5–7]. The relationship between mineral nutrients and plant disease eventually
influences the intensity of disease symptoms [8]. Zinc plays a key role as a structural, regulatory,
and catalytic cofactor of many enzyme reactions in plants [9]. The foliar symptoms of HLB include
small yellow leaves on one section, leaf mottling, zinc-like deficiency on newest leaves and mottling on
older leaves [10]. Although Zn may be present in the soil, deficiency can develop due to soil depletion
or the formation of insoluble Zn compounds [9]. The soil quantity of micronutrients in most soils is
not a good sign of its availability to plants [11]. Citrus micronutrient (especially Zn) deficiencies have
been observed in shallow soils with a high water table, in extremely sandy areas, and in calcareous
soils [12]. Soil and foliar application of micronutrients has been recommended to correct deficiencies
in Florida citrus [13].

The management of essential nutrients as a means of improving citrus growth and yield in
Huanglongbing (HLB) disease-affected groves is not well understood to provide conclusive nutrient
management recommendations to growers and deserves additional research [14]. Several studies
have shown that increasing micronutrient application rates along with the right balance with nitrogen
would enhance citrus production in terms of fruit yield, and canopy/root growth [14–16]. This study
hypothesized that (1) foliar compared to the soil application method of Zn should improve the
performance of HLB-affected trees; (2) doubling the foliar application rate of Zn should reduce the
devastating effect of HLB on citrus trees through improved trunk diameter, canopy size, and yield;
and (3) the efficacy of Zn in HLB-affected trees is dependent on inorganic N availability for increased
yield and canopy size. The objectives of this study were to (1) determine the adsorption, distribution,
and availability of Zn in a sandy soil; (2) compare the effectiveness of foliar and soil application
method of Zn on HLB-affected trees; (3) compare foliar application rates of Zn for HLB-affected
trees; (4) determine the effect of N rates on yield, soil inorganic N distribution patterns, and tree
growth parameters.

2. Material and Methods

2.1. Description of the Study Site

This study was conducted using ‘Valencia’ (Citrus sinensis (L.) Osb.) on Swingle rootstock
(Citrus paradisi Macf. 3 x Poncirus trifoliata (L.) Raf.) trees spaced at 1.8 m by 4.6 m at the Citrus
Research and Education Center, Lake Alfred, FL (28.09◦ N, 81.75◦ W) which were planted in August
2012. The soil is a Candler fine sand classified as Hyperthermic, coated Lamellic Quartzipsamments
formed from eolian or sandy marine deposits [17]. Soil particle size distribution was determined using
the Bouyoucos hydrometer method [18]. Soil pH was measured using a soil to deionized water ratio
of one-to-one and read with a hydrogen probe [19]. Organic matter content was measured using the
loss-on-ignition method [20]. Soil bulk density was determined using the core method [21]. The selected
chemical and physical properties of the study site are provided in Table 1. The trees were supplied with
2240 kg·ha−1 fertilizer blend at the University of Florida Institute of Food and Agricultural Sciences
(UF/IFAS)’s recommended rate containing a known amount of nutrients in four splits per year, given
in percentage as 9.75% N, 2% P2O5, 13% K2O, 2.28% Ca, 2.5% Mg, 11.69% S, 0.03% B, 0.27% Fe, 0.55%
Mn and 0.19% Zn. These methods were also described by Uthman et al. [22,23].
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Table 1. Soil physical and chemical properties and sorption coefficient by depth.

Soil Depth Soil Texture Bulk Density Soil pH Organic Matter KD
(cm) Sand (%) Silt (%) Clay (%) g cm−3 (%) L kg−1

0–15 95.9 0.5 3.7 1.56 ± 0.03 6.27 ± 0.08 0.55 ± 0.04 6.47
15–30 96.8 0.7 2.5 1.67 ± 0.05 6.30 ± 0.12 0.30 ± 0.02 2.68
30–45 97.1 0.4 2.5 1.61 ± 0.02 6.31 ± 0.13 0.21 ± 0.02 0.05
45–60 97.4 0.6 2.0 1.63 ± 0.02 6.30 ± 0.14 0.19 ± 0.01 0.05

KD—Sorption coefficient; for the mean values with standard error, n = 5 for Bulk density and n = 24 for soil pH and
organic matter.

2.2. Experimental Design and Treatment Application

Treatment plots contained 10 trees, where the middle 8 trees were used for measurements.
The N composition of the fertilizer blend was adjusted with sole urea (46% N) for each row
to receive three N rates of 168, 224, and 280 kg N ha−1 in three replicates as the main plots.
Each row was sub-divided into 4 sub-plots receiving Zn applications in three splits yr−1 as follows:
(1) standard soil Zn applied (control), (2) standard soil Zn applied + foliar-applied Zn based at
1× UF/IFAS recommendations, (3) 2× foliar-applied Zn at UF/IFAS recommendations + standard soil
Zn application, and (4) 2× soil-applied UF/IFAS recommendations (5.60 kg Zn ha−1). The source of
Zn applied was zinc sulphate. The soil treatment was applied within a 45 cm radius of the tree while
the foliar treatment was applied as foliar sprays. All trees were irrigated to meet the daily crop water
demand by 40 L h−1 emitters, with one emitter per two trees having a wetting diameter of 1.5 m,
with each irrigation applied at 8 a.m. and 1 p.m. daily. Soil and leaf samples were collected before
treatments application, which was similar to the methods of Uthman et al. [22,23].

2.3. Soil Sampling and Analysis

The citrus fibrous rooting zone is predominantly within the 0–30 cm soil depth [24].
Varying sampling distance for soil collection accounts for lateral movement and inefficiencies during the
application of the treatments. Soil samples were collected in June 2018, February 2019, and September
2019 from the soil surface to 60 cm depth at 15 cm depth increments to account for nutrient movement
beyond the 30 cm rooting zone at 30 and 60 cm perpendicular distance to the tree row, representing
irrigated and non-irrigated zones, respectively. Soil samples were collected with at 5.7 cm diameter
auger (AMS Inc, America Falls, ID, USA). Determination of soil concentration of Zn was done using
the method described by Uthman et al. [22,23]. Soil Zn was determined using inductively coupled
plasma-mass spectrometry (ICP-MS) at 257.6 nm wavelength [25].

2.4. Soil Nitrate and Ammonium Analysis

Soil ammonium (NH+
4 -N) and nitrate (NO−3 -N) were extracted using 2M KCl [24,26]. A 40 mL

solution of 2M KCl was added to each soil sample for soil (NH+
4 -N) and nitrate analysis and the samples

were capped and shaken for 15 min on a platform shaker. After shaking, all the sample solutions were
allowed to settle for 15 min and filtered into labeled vials using Whatman no. 42 filter paper, capped,
and stored in a freezer at <4 ◦C until analysis. Soil NH+

4 -N and NO−3 -N were determined using a flow
analyzer (QuikChem 8500, Lachat Instruments, Loveland, CO, USA) at 660 and 520 nm, respectively,
on a dry weight basis [27].

2.5. Adsorption Study

One-point sorption isotherms were determined to estimate the sorption coefficient of Zn as
a function of soil depth, similar to the method of Uthman et al. [22,23]. The amounts of initial
concentration of 10 mg Zn L−1 was used based on UF/IFAS recommended rate assuming 2 cm depth
of incorporation into the soil. The soil:solution ratio used was 1:2, shaken for 24 h, centrifuged at
10,000 rpm for 20 min, filtered, and analyzed for Zn using inductively coupled plasma-atomic emission
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spectrometry (ICP-AES). The amount of Zn adsorbed to the soil was calculated from the difference
between the initial and equilibrium solution concentrations as follows:

Se =
v
m
(C0 −Ce) (1)

where Se is the adsorbed concentration at equilibrium (mg kg−1), v is the initial volume of solution (L),
m is the soil mass (kg), C0 is the initial concentration of the standard solution (mg L−1), and Ce is the
soil solution concentration at equilibrium (mg L−1). The linear sorption isotherm was determined from
the model below:

Se = KDCe (2)

where KD is the sorption coefficient (L kg−1).

2.6. Leaf Collection and Analysis

Leaf samples were collected three times (February, June, and November) every year. The citrus
leaf sampling technique by Obreza and Morgan was adopted by sampling from 4 quadrants of the tree
in the northwest, southeast, northeast, and southwest directions and combining the sample of 8 trees
per plot for a representative sample of 4 to 6 month-old leaves [13]. After collection, the leaf tissues
were transported to the laboratory in a cooler and refrigerated until further processing. To remove
contaminants, leaves were washed in a gentle detergent solution, and thoroughly rinsed with deionized
water and dried in an oven drier at 70 ◦C for 72 h. Leaves were ground in a laboratory-size stainless steel
Wiley mill to pass a 20-mesh (1-mm) screen before acid digestion. Determination of leaf concentration
of Zn was done using the method described by Uthman et al. [22,23].

2.7. Growth, Fruit Yield, and Juice Quality Measurements

Tree trunk girth was measured using a vernier caliper, and canopy volume was calculated using
the geometric prolate spheroid formula given in the equation below [28]. Measurements were done in
March and November every year.

Canopy volume
(
m3

)
=

4
3
πr2

(
h
2

)
(3)

where r = radius of the canopy (m); h = canopy height (m)
Fruit yield was determined in 2018, 2019, and 2020 by weighing harvested fruit from measurement

trees in each plot and converting that to yield per hectare. The percentage amount of citric acid and
soluble solids present in the juice were measured using the method described by [29].

2.8. Statistical Analysis

Detailed statistical analysis procedure can be found in the previous literature of
Uthman et al. [22,23]. A linear mixed effect model using a non-linear mixed effect (NLME) package
was used to analyze the variance between treatments effect, and Tukey honestly significant difference
was used to separate means using a significance level of 0.05 [30]. Analysis of variance for leaf nutrient
contents was done in R stats package using N rates as the main plot treatments and Zn treatments as
the subplot treatments in a split-plot design [31].

3. Result and Discussion

3.1. Soil Ammonium and Nitrate Distribution

Soil nitrate (NO−3 -N) and ammonium (NH+
4 -N) concentrations remained inconsistent over soil

depths and sampling positions (irrigated [30 cm] and non-irrigated [60 cm]) for various levels of N and
Zn rates and methods applied (Figures 1 and 2). Soil NO−3 -N remained below 5, 50, and 25 mg kg−1 in
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June 2018, February 2019, and September 2019, respectively, at the irrigated and non-irrigated zone
from the soil surface to the 60 cm depth (Figure 1). In June 2018, the soil Zn treatment (p < 0.05)
showed 4 mg kg−1 of soil NO−3 -N more than the single and double foliar Zn application rates (Figure 1).
Soil NH+

4 -N remained below 5 mg kg−1 in September 2019 in the non-irrigated zone, and 20 mg kg−1

in June 2018 and February 2019 in the irrigated and non-irrigated zones from the soil surface to 60 cm
depth (Figure 2).
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Figure 1. Soil NO−3 -N distribution in a Florida sandy soil after application of three levels of nitrogen
in irrigated (A) and non-irrigated (B) zones at 0–15, 15–30, 30–45 and 45–60 cm soil depths for three
replicates. Treatments: control—standard soil Zn applied; foliar x1—standard soil Zn applied +

foliar-applied Zn based at 1× UF/IFAS recommendations; foliar x2—2× foliar-applied Zn at UF/IFAS
recommendations + standard soil Zn application; soil x1—2× soil-applied UF/IFAS recommendations
(5.60 kg Zn ha−1).
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Figure 2. Soil NH+
4 -N distribution in a Florida sandy soil after application of three levels of nitrogen

in irrigated (A) and non-irrigated (B) zones at 0–15, 15–30, 30–45 and 45–60 cm soil depths for three
replicates. Treatments: control—standard soil Zn applied; foliar x1—standard soil Zn applied +

foliar-applied Zn based at 1× UF/IFAS recommendations; foliar x2—2× foliar-applied Zn at UF/IFAS
recommendations + standard soil Zn application; soil x1—2× soil-applied UF/IFAS recommendations
(5.60 kg Zn ha−1).

3.2. Soil Zn Distribution and Adsorption in a Sandy Soil

The 0–15 cm soil depth showed three- and six-times higher Zn concentration than the 15–30
and 30–60 cm soil depths, respectively, in June 2018 for both treatment and control plots (Table 2).
The 0–15 cm soil depth also showed two- and five-times greater Zn concentration than the 15–30
and 30–60 cm soil depth respectively, in February 2019 for the treatment and control plots (Table 2).
The 0–15 cm soil depth also showed two- and four-times greater Zn concentration than the 15–45
and 45–60 cm soil depth, respectively, in September 2019 for the treatment and control plots (Table 2).
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The 45-60 cm soil depth showed two times lower Zn concentration than the 15–45 cm soil depth in
September 2019 for the treatment and control plots (Table 2). Zinc concentration for the 15–30 cm soil
depth in February 2019 was 1.5 times more than in June 2018 (Table 2). The amount of Zn concentration
in the soil for the control plots in the 0–15 cm layer was less than that where Zn was applied to the soil
at all the sampling dates (Table 2). This implies that Zn was probably in the soil in forms that were not
readily available to the citrus roots.

Table 2. Soil Zn distribution in the 0–15, 15–30, 30–45, and 45–60 cm sampling depths on 3 sampling
dates. ± are standard errors (n = 12).

Zn
Soil Depth, cm Control Soil

Jun-2018 _________________mg kg−1_______________

0–15 24.7 ± 0.5 35.7 ± 0.7
15–30 10.5 ± 0.6 8.7 ± 0.3
30–45 5.1 ± 0.2 4.7 ± 0.1
45–60 5.6 ± 0.2 4.8 ± 0.1

Feb-2019
0–15 28.8 ± 0.5 31.6 ± 0.6

15–30 13.9 ± 0.5 15.2 ± 0.6
30–45 8.9 ± 0.4 6.9 ± 0.3
45–60 6.4 ± 0.4 4.1 ± 0.1

Sep-2019
0–15 23.0 ± 0.6 74.6 ± 2.6

15–30 17.5 ± 0.7 34.7 ± 1.1
30–45 11.2 ± 0.6 29.5 ± 0.8
45–60 8.6 ± 0.5 15.7 ± 0.6

About 3 kg Zn ha−1 (Zn treatment plus background fertilizer blend) was applied in the first split,
34 kg Zn ha−1 was present in the soil in June 2018 in the 0–15 cm soil depth. A total of 10 kg Zn ha−1 was
applied in three splits (Zn treatment plus background fertilizer blend) and 37 kg Zn ha−1 was present
in the soil in February 2019 in 0–15 cm soil depth. The cumulative three split applications resulted in
two times more Zn in the 0–15 cm soil depth in February 2019 than in September 2019. The rainfall
from the first application of treatment to the date of sampling was about 47 cm with a peak of 25 cm in
May 2018 compared to second treatment application to the date of sampling, which was about 108 cm
with a double peak of 22 and 27 cm in July and August 2018, respectively [22,23]. The rainfall pattern
for the year 2018 was also similar for the year 2019. High Zn concentration at the upper depth proved
that it was were strongly adsorbed and retarded in the soil even if there was rainfall and irrigation
supplied to meet the crop water demand. Thus, Zn was present in a high concentration in the soil.
This might also be ascribed to the fact that this sand has coatings with iron and aluminum sesquioxides
which might bind Zn [32].

The adsorption study revealed high Zn sorption coefficients (KD) at 0–15 and 15–30 cm soil depths,
while the 30–60 cm soil depth showed negligible sorption (Table 1). Zinc sorption coefficients at 0–15
and 15–30 cm depth were respectively 130 and 50 times greater than 30–45 and 45–60 cm soil depths
(Table 1). Assuming that during one of the heaviest rainfall events, the water content in the 0–15 cm
depth was close to saturation (θs = 0.41), the velocity of Zn would be 25 times less than the velocity of
water molecules [22]. This implies that even if water moved up to 50 cm from the soil surface, Zn would
have moved only 2 cm, respectively, into the soil profile. The data in Table 1 show that Zn never moved
below the 15 cm depth since the control and soil treatment have nearly equal concentrations from June
2018 to February 2019 but showed high Zn concentration in September 2019 (Table 2). Thus, strong
sorption retained Zn in the 0–15 cm soil layer. It is also clear that water content during the study was
close to field capacity below the 30 cm depth, implying negligible downward water movement due to
the irrigation strategy used even after rainfall events [22].
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This was made possible by the replacement of water lost through evapotranspiration (ET) with
irrigation which kept water available throughout the whole experimental study. Hippler et al. showed
that Zn soil application can supply citrus trees with nutrient requirements, but low fertilizer solubility
and high soil sorption capacity limit fertilization efficiency, which was also demonstrated in this
study [33]. Since most of Zn applied was adsorbed at the 0–15 and 0–30 cm soil depths, respectively,
the soil solution concentration would be very low to supply the roots via mass flow [34]. Because of
the low Zn concentration in the soil solution, supplying the roots via mass flow might account for only
a small fraction of plant demand [34]. The soil was predominantly sandy with a low percentage of
organic matter (<1%), which could have made the soil clay-size fraction responsible for Zn sorption in
the 0–15 and 15–30 cm soil depths but also the presence of sand coatings, as described by Obreza and
Morgan (Table 1) [13]. The epipedon of the soil under study have sand coatings that were systematically
high in hydroxy-interlayered minerals and unremarkable gibbsite [32]. Zinc in the soil might have
formed stable complexes with clay minerals and high molecular-weight organic compounds that exist
as insoluble complexes and might have made Zn applied to the soil unavailable for uptake in the
short-term, but could be released over time depending on changes in soil pH and the presence of other
competing cations or nutrients [35].

3.3. Seasonal Leaf Response to Zinc

Leaf Zn followed the same pattern of increase and decrease for treatments and it has an elevated
concentration in June 2018 (Figure 3). Leaf Zn concentrations showed that foliar spray was two times
higher than the soil application method for the February 2019 and September 2019 sampling dates
(Figure 3). The double rate of Zn showed higher leaf concentration than a single rate for the foliar
spray application method (Figure 3).
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Figure 3. Leaf Zn concentration at six sampling dates by treatments with standard error bars (n = 9).
Treatments: control—standard soil Zn applied; foliar x1—standard soil Zn applied + foliar-applied Zn
based at 1× UF/IFAS recommendations; foliar x2—2× foliar-applied Zn at UF/IFAS recommendations +

standard soil Zn application; soil x1—2× soil-applied UF/IFAS recommendations (5.60 kg Zn ha−1).

Leaf Zn deficiencies in HLB-affected trees are more pronounced during the cool, wet seasons and
often disappear in the warmer season following the spring and summer leaf flush seasons. Comparing
the season of soil sample analysis, the September month showed a Zn concentration in the soil that was
significantly higher than the cool February and warmer June months. The low concentration of Zn in
the soil during these sampling dates could be caused by a slow diffusion process that was responsible
for the transport of Zn to the plant roots [35]. Soil temperature which could be affected by season could
increase/decrease Zn availability through its solubility and diffusion [35].
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Zinc absorption is rapid following foliar application, with a sharp decrease in the absorption
rate after a few hours [36]. At least 50% of Zn applied was absorbed within 24 h of application [37].
The double rate of foliar application method of Zn might cause an increase in acidity which increases
its intra-cuticular penetration. There is almost a universal agreement that foliar absorption rates for Zn
are greater for young leaves than for old ones, since the latter are sampled after 4 to 6 months [38].
Wallihan and Heymann-Herschberg showed that Zn sulfate and sulfur sprays (or dusts) may be
combined to control both citrus rust mites and Zn deficiency in orange trees [39]. Gomes et al.’s
findings show that solubilities of Zn are responsible for faster absorption rates through the leaves and
that sulfate salt of this nutrients could give better utilization efficiency, as observed in this study, since
the source of fertilizer used for this study was sulfate salts dissolved in water for the foliar spray [40].
The observed results also agree with the study by Morgan et al. that showed that Zn has limited
mobility within plants [14].

3.4. Growth and Yield Response to Nitrogen and Zinc

Tree canopy volume showed a consistent pattern in response to various levels of N and Zn applied
in all the seasons (Figure 4). Trees with the highest level of N rate (280 kg N ha−1) had a canopy
volume that was significantly 10% (p < 0.05) less than the trees with 168 and 224 kg N ha−1 (Figure 4A).
There was no significant difference (p > 0.05) in the canopy volume when various Zn rates and methods
were applied (Figure 4A). The recommended N rate at 224 kg N ha−1 and foliar application methods
consistently improved canopy volume when compared to other N levels and Zn application methods
(Figure 4).
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Figure 4. Canopy volume of HLB-affected trees treated with different levels of N (A) [n = 12] and Zn
(B) [n = 9] with standard error bars. Treatments: control—standard soil Zn applied; foliar x1—standard
soil Zn applied + foliar-applied Zn based at 1× UF/IFAS recommendations; foliar x2—2× foliar-applied
Zn at UF/IFAS recommendations + standard soil Zn application; soil x1—2× soil-applied UF/IFAS
recommendations (5.60 kg Zn ha−1).

Trunk diameter showed a consistent pattern in response to various N rates and Zn methods/rates
applied in all the seasons (Figure 5). Trees with the highest level of N rate had a trunk diameter
that was significantly (p < 0.05) less than the trees with other N levels (Figure 5A). There was no
significant (p > 0.05) difference in the trunk diameter when various Zn rates and methods were applied
(Figure 5B). Trunk diameter measurements were consistent and showed no significant (p > 0.05)
differences, irrespective of N rates and Zn rates and methods in all seasons (Figure 5).
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Yield showed an inconsistent pattern in response to Zn rates and methods and N rates in all
the three years of data collection (Table 3). There were no significant differences in the various
treatments applied, but the fruit weight pattern for 2018 and 2020 was 1.5 times greater than that of
2019, which may be largely due to the alternate bearing patterns observed in Valencia orange trees
(Table 3) [13]. The various levels of N and Zn methods and rates have no significant effect on the
percentage of total soluble solids (TSS/Brix), acid, and TSS/acid ratio, but rather showed a consistent
pattern for all the three years that TSS, total acid, and TSS/Acid ratio for 2019 fruit yield was significantly
higher than 2018 and 2020 by a percentage range of 0.2–2 (Figure 6).

Table 3. Three years of fruit yield of Huanglongbing-affected “Valencia” sweet orange grove with
standard error (n = 3) in Lake Alfred, Florida.

Nitrogen Rate, kg ha−1

Treatment 168 224 280

2018 ____________________t ha−1______________________

Control 28.0 ± 0.1 26.5 ± 0.2 24.7 ± 0.3
Foliar x1 26.8 ± 0.3 24.2 ± 0.1 29.8 ± 0.3
Foliar x2 27.9 ± 0.1 25.3 ± 0.2 25.3 ± 0.4
Soil x1 23.9 ± 0.3 28.5 ± 0.5 27.3 ± 0.2
2019

Control 24.9 ± 0.1 21.4 ± 0.4 19.3 ± 0.3
Foliar x1 21.5 ± 0.3 20.3 ± 0.4 19.9 ± 0.2
Foliar x2 19.7 ± 0.2 18.2 ± 0.1 20.7 ± 0.4
Soil x1 19.9 ± 0.1 19.4 ± 0.4 17.3 ± 0.1
2020

Control 26.4 ± 0.2 29.4 ± 0.3 29.0 ± 0.3
Foliar x1 29.3 ± 0.0 28.6 ± 0.2 28.3 ± 0.5
Foliar x2 28.6 ± 0.4 30.3 ± 0.4 27.5 ± 0.2
Soil x1 28.1 ± 0.2 27.9 ± 0.3 31.3 ± 0.1
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Figure 6. Juice quality assessment [Total brix (A), Total acid (B), and Ratio (C)] of “Valencia” sweet
oranges for in 2018, 2019 and 2020. Treatments: control—standard soil Zn applied; foliar x1—standard
soil Zn applied + foliar-applied Zn based at 1× UF/IFAS recommendations; foliar x2—2× foliar-applied
Zn at UF/IFAS recommendations + standard soil Zn application; soil x1—2× soil-applied UF/IFAS
recommendations (5.60 kg Zn ha−1).
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An increase in N has been reported to increase the tree size and the harvested fruit [14]. This agrees
with our study with the increase in canopy volume observed for 224 kg N ha−1, but beyond this
level of N proved otherwise. Canopy volume might have increased at the expense of a reduction
in fruit weight, as reported by Morgan et al. in their 5-year study [14]. A fairly strong negative
relationship exists between soil nitrate form of N and yield such that a unit increase in soil NO−3 -N
caused a decrease of 500 kg ha−1 of fruit (Figure 7), showing that applying N beyond the current
224 kg N ha−1 has no additional benefit. Typically, tree growth increases and yield decrease with
increased N. The relationships in this paper may indicate an inconsistent soil N concentration with
increased N application because of urea–N volatilization. The fruit weight and trunk diameter were not
significantly different from all the years and seasons, respectively, but studies that claimed enhanced
foliar nutritional treatments increase yields in the first two years compared with soil Zn application
disagreed with what this study observed, probably because this was a high density planting with
about 1111 trees ha−1 compared to the other studies which normally used a tree density of less than
500 trees ha−1 [14,41]. Quaggio et al. reported that N rates decreased fruit weight, which resulted in
increased juice content of fruits for Valencia sweet orange [42]. Nitrogen promoted an accentuated
increase in yield of soluble solids per area due to either increased fruit yield or improved fruit
characteristics, such as juice content [42].
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Figure 7. Negative correlation of soil NO−3 -N to fruit weight.

4. Conclusions

Canopy volume was improved when 224 kg N ha−1 was applied compared to other levels of
nitrogen. An increase in soil nitrate concentration improved tree canopy volume at the expense of
yield. Soil NO−3 -N might have been leached down the profile and NH+

4 -N might have been fixed in the
little clay portion found in the sandy soil at 280 kg N ha−1. The recommended amount of Zn applied to
the soil was so little compared to what was in the soil and does not reflect the added Zn. Soil applied
nutrients could be adsorbed to the upper 0–30 cm soil depth for Zn and foliar application methods
would meet nutrient demand of Zn at a double recommended rate for Zn. The soil is predominantly
sandy, which makes the organic matter fraction and sesquioxides responsible for Zn sorption in the
0–15 and 15–30 cm soil depths. Future research should consider having elevated levels of soil Zn
application at about 4x the current recommendation and using the N rate of 168 to 224 kg ha−1.
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