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Abstract. This research study evaluated the suitability of controlled-release urea
(CRU) as an alternate nitrogen (N) fertilizer source to conventional soluble urea (U)
for tomato production under a humid, warm climate in coastal plain soils. Tomatoes
are typically produced on raised plastic-mulched beds, where U is fertigated through
multiple applications. On the other hand, CRU is applied once at planting, incorpo-
rated into soil before the raised beds are covered with plastic mulch. N source and
management will likely impact tomato yield, N use efficiency (NUE), and apparent re-
covery of N fertilizer (APR). A 2-year field study was conducted on fall and spring to-
mato crops in north Florida to determine the crop N requirement and NUE in
tomatoes (var. HM 1823) grown in sandy soils under a plastic-mulched bed system.
In addition to a no N fertilizer treatment, three urea N sources [one soluble source
and two polymer-coated CRU sources with different N release durations of 60 (CRU-60)
and 75 (CRU-75) days] were applied at three N rates (140, 168, and 224 kg-ha™").
Across all N sources and N rates, fall yields were at least 20% higher than spring sea-
sons. At the 140 kg-ha™' N rate, APR and NUE were improved, especially when U was
applied in fall tomato, whereas preplant CRUs improved N efficiency in spring tomato.
Based on the lower APR values found in spring production seasons (0% to 16%) when
compared with fall (57.1% to 72.6%), it can be concluded that residual soil N was an
important source for tomatoes. In addition, the mean whole-plant N accumulation of to-
mato was 102.5 kg-ha™!, further indicating that reducing the N rate closer to crop N de-
mand would greatly improve conventional vegetable production systems on sandy soils
in north Florida. In conclusion, polymer-coated CRU and fertigation U applications
were able to supply the N requirement of spring and fall tomato at a 38% reduction of
the recommended N rate for tomato in Florida (224 kg~ha_1). Preliminary results show
that adoption of CRU fertilizers can be considered a low-risk alternative N source for
tomato production and the ease of applying CRU once during the bed preparation pe-
riod for tomato may be an additional incentive.

Global vegetable production grew 65%
between 2000 and 2019, producing up to
1128 million tonnes in 2019 (FAO 2021).
The increase in worldwide production is due
more to increased use of inputs (e.g., fertil-
izers, irrigation, pesticides), high-yield crops,
implementation of best management practices
(BMPs), and less to the expansion of the cul-
tivated area. In the United States, Florida is
the second largest producer of vegetables,
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which are grown under intensive management
of nutrients and water on typically sandy tex-
tured soils of the state. About 12,140 ha are
used for tomato production in Florida (USDA-
NASS 2022), where round fresh-market to-
mato makes up ~70% of Florida’s total to-
mato production (Florida Tomatoes 2022).
Optimization of nutrient and water applica-
tions and their use efficiency is, therefore,

important for minimizing potential losses of
nutrients to the environment, particularly ni-
trogen (N), in sandy soils. Use of predictive
and diagnostic scientific tools such as soil
and plant tissue testing are critical for deter-
mining the crop nutrient requirements and
recommendations for supplemental nutrient
applications for sustainable crop production.
Several agricultural BMPs have been identi-
fied, developed, and implemented for en-
hancing plant use efficiency of nutrients
such as N in conjunction with the 4Rs princi-
ples, where soil testing is inherently the first
step (Mikkelsen 2011). For tomato production
on sandy soils in Florida, BMPs include drip
irrigation, splitting of the N fertilizer applica-
tion into 13 weekly doses (Jalpa et al. 2020),
and plastic-mulched raised beds, all of which
help improve fertilizer NUE.

N is a common limiting factor in the
growth of plants and an essential nutrient
with respect to increasing yield (in most agri-
cultural settings), making the use of N fertil-
izer extensive worldwide. To increase NUE
in vegetable production systems, it is critical
to understand how to provide the crop N re-
quirement (CNR) without negatively impact-
ing yield by reduced application of fertilizer.
High N rate applications (Ramos et al. 2002)
are common in conventional tomato produc-
tion, where loss of N, more specifically NO; ™,
from the root zone can decrease groundwater
quality (Sainju et al. 2002). Horticultural crops
such as tomato have a short season growth (4-5
months), high N uptake rates (up to 4.3 kg-ha™"-
d™1), and are considered to have low fertilizer
NUE between 30% to 50% (Mosier et al. 2004).
The high uptake of N by tomato combined with
a low fertilizer NUE indicates that residual soil
N is a considerable N source for this crop
(Broadbent et al. 1980; Hills et al. 1983; Jalpa
et al. 2021) and that perhaps mismanagement of
water and N fertilizer is resulting in a discrep-
ancy between application and crop demand.

Tomato CNR is predominantly determined
by physiological need (Mengel 1983) and will
vary depending on the cultivar and physio-
graphic region. In Florida, the recommended
N rate for tomato production is 224 kg-ha™' N
(Mylavarapu et al. 2022). However, FL vege-
table growers may apply N fertilizer rates
higher than the recommended to potentially
limit negative yield impacts from leaching
rainfall (Hochmuth and Hanlon 2014). Com-
mercial tomato grower N fertilization often ex-
ceeds 470 kg-ha™! per production season
(Cantliffe et al. 2009); the variability of ap-
plied N among growers within Florida may be
due to the differences in duration of seasonal
production. For instance, the average tomato
production season in north Florida is ~13
weeks and there are typically two seasons
per year (fall and spring), whereas in south
Florida, production can last up to 18 weeks and
there may be three production seasons per year
(fall, winter, and spring) (Ozores-Hampton
et al. 2015). Therefore, a longer production sea-
son may result in additional N fertilizer input.
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High N rate application could be justified if
similar crop N accumulation occurred; how-
ever, vegetable NUE less than 50% indicates
there is an asynchrony between N fertilizer ap-
plication practices and tomato N uptake.
Extensive research on the impacts of N
fertilizer rate for various cultivars of round
fresh-market tomato have been conducted, in
which whole-plant N accumulation in fertil-
ized tomato ranged between 61.4 kg-ha™! to
176 kg-ha™' (Ayankojo et al. 2020; Jalpa
et al. 2021). These N accumulation rates re-
sulted in the successful production of toma-
toes that met or exceeded typical yields in
Florida, which are currently ~33.6 Mg-ha ™
(USDA-NASS 2022). In an early south
Florida tomato N rate study conducted on a
fine sand, tomato yield in fall and sprin% av-
eraged 50.9 Mg-ha™' and 48.4 Mg-ha™', re-
spectively, with N fertilizer application rates
ranging between 60 kg-ha~! and 837 kg-ha ™
(Everett 1976). Yields did not vary consider-
ably among these applied N rates and the
non-N-fertilized control yielded reasonably
well in the spring season (30.0 Mg-ha )
when compared with fall (15.8 Mg-ha™")
(Everett 1976). Appreciable yield in unfertil-
ized tomato has been observed in other stud-
ies including in north Florida (Andersen et al.
1999; Jalpa et al. 2021) and may be due to fa-
vorable production conditions (e.g., warm
temperature and aeration from course/fine
sandy soil) that enhances organic matter min-
eralization rates and increased the availability
of soil N for crop use. A '°N study on drip-
irrigated spring tomatoes determined that the
soil N contribution was ~38% of the total N
uptake, indicating that at least one-third of
the N requirement for round fresh-market to-
mato could potentially be met in predomi-
nately sandy soils protected by plastic mulch
(Jalpa et al. 2021). Therefore, N fertilizer
management practices based on typical to-
mato N requirements or potential N recovery
of N sources (native and applied) for a certain
physiographic region needs to be focused on
to increase N efficiency of the production
system. Such information could better guide
future N fertilizer BMPs, especially when al-
ternative N sources are assessed for the pur-
pose of increasing nutrient sustainability in
conventional vegetable production systems.
Fertigation (application of soluble fertil-
izer via drip irrigation) is a common practice
for vegetable production that is intended to
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reduce N and water use by splitting its appli-
cation during the growing season (Hartz and
Hochmuth 1996). If managed correctly, con-
ventional soluble N fertilizer sources can be
kept within the root zone, therefore increas-
ing crop NUE and reducing N loss (Kennedy
et al. 2013). Because of the use of plastic
mulch, the impact of leaching rain events
during the production season can be consid-
ered negligible (Zotarelli et al. 2008). Thus,
movement of N fertilizer beyond the root
zone can be attributed to the mismanagement
of water applied through the drip system. So
far, the intensive nature of vegetable produc-
tion (frequent water and nutrient applications)
combined with BMPs (e.g., drip irrigation,
raised beds, plastic mulch) have resulted in
NUEs smaller than 50%, which suggests the
need to assess alternative methods to supply
N to the crop that do not need water to be ap-
plied. Use of controlled-release fertilizer (CRF)
with a polymer coating is a BMP tool that can
gradually provide N to the crop throughout
the season, reduce N pollution to the environ-
ment, and reduce the costs of labor due to one-
application at preplant when compared with
multiple fertigation applications of N (Sempeho
et al. 2014). The mechanism of release from
polymer-coated CRFs is affected by tempera-
ture (Lawrencia et al. 2021); manufacturers
generally report N release durations that are de-
termined typically at 25°C (Sempeho et al.
2014). Field conditions, however, experience
temperature fluctuations, which may result in N
release durations that are different from re-
ported manufacturer durations. It is therefore
critical to determine the risks (ineffective at
maintaining economical yield) or benefits (sus-
tain yield and CNR of tomatoes) to the crop
when CREF is applied under seasonal variability
in the field. This study assessed two CRU fertil-
izers with different release durations of 60 d
(CRU-60) and 75 d (CRU-75) to determine the
optimum N release rate that can best fulfill the
CNR of tomatoes grown in north Florida.

Evaluation on the use of CRFs for drip-
irrigated tomato could aid in providing infor-
mation for how an alternative N fertilizer
BMP can be adopted convincingly for toma-
toes produced on sandy soils. These BMPs re-
late to timing, rate, source, and placement of
fertilizer application, where the differences be-
tween CRF and soluble N sources could result
in differences to the NUE of the production
system. Therefore, a field study assessing the
efficiency of applied CRUs and soluble urea
(U) as the conventional N source was conducted
for commercially produced tomato. Our objec-
tives were to determine the effect of N rate and
N source on the responses of tomato (yield, fruit
size, and whole-plant N accumulation) and
NUE and APR were used as indices of evaluat-
ing efficiency. In addition, to determine whether
the polymer-coated CRUs successfully released
N during the entirety of the active growing peri-
ods under fall and spring tomato production, a
field mesh bag experiment was conducted.

Materials and Methods

Field site and experimental design. A 2-
year field experiment was conducted at the
University of Florida, Plant Science Research
and Education Unit in Citra, FL, USA
(29.4054° N, —82.1400° W) during Fall
2019 and 2020 and Spring 2020 and 2021 to-
mato growing seasons. The field site, which
was previously left fallow, is characterized as
having a udic moisture regime, with high
precipitation and humidity occurring most of
the year. Mean annual precipitation is
~1200-1400 mm and mean annual tempera-
tures range from 20 to 25 °C with a frost-free
period of 280 to 365 d. Soil at the field site is
classified as a Candler sand (99% sand, 0.5%
silt, 0.5% clay; hydrometer method), hyper-
thermic, uncoated lamellic quartzipsamments
with a parent material of eolian deposits and/
or sandy and loamy marine deposits. Hydrau-
lic conductivity is high to very high (0.15 to

40 Precipitation —e=Min Max 400
35 350
30
300
25 _
g 250 E
: :
v 20 \;
g 200 2
g 15 i
g g
)
B3 150 &
10 &
100
5
0 50
-5 0
9 V9 V9 VW V9 DT AN DT AN DD DD
NN q WA
S0 . R 0‘\ 94\ é‘\ q;/\:\' ® ‘t';\' Q’”q/ fﬁq’ oé\, \Q’ é’;\/ QRW 00 o‘r\' z?‘(\' Q-é\' &9’\' ‘vo, Q‘W f&*ﬁl e‘:\'\s ’ 0%’
PO P IEF TP T FFTOLFT Y TS S

Fig. 1. Mean monthly minimum and maximum air temperatures (°C) and total precipitation (mm) per
month during the experimental years of Aug 2019 to Aug 2021 in northern Florida with a
humid-type climate. Growing months ranged between September and December for fall tomato and
March and July for spring tomato production. Data source: Florida Automated Weather Network

(https://fawn.ifas.ufl.edu/).
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Table 1. Summary of color mulch, transplant, and final harvest dates for each season of tomato pro-

duction in northern Florida.

Cultural practices Fall 2019 Spring 2020 Fall 2020 Spring 2021
Mulch White VIF Black VIF White VIF Black VIF
Transplant date 5 Sep 1 May 10 Sep 25 Mar
Final harvest date 2 Dec 15 Jul 2 Dec 28 Jun

VIF = virtually impermeable film.

0.5 m-h™") and soil is excessively drained
with a very low available water storage capac-
ity of 0.06 m in a 2-m profile (USDA-NRCS
2022). Monthly air and soil temperature and
precipitation were measured by the Florida
Automated Weather Network at the University
of Florida, Plant Science Research and Educa-
tion Unit in Citra for the duration of the experi-
mental years, which were from Aug 2019 to
Aug 2021 (Fig. 1).

Cultural practices, planting dates, final
harvest dates, and fertilizers applied are sum-
marized in Tables 1 and 2. In preparation for
each season, the study area was rototilled,
and six false beds were made. False beds
were formed for the purpose of broadcasting
polymer-coated CRU accurately in the field
area where the final bed was made for plant-
ing. After application, CRU was incorporated
into the soil using a rototiller. Rototilling is
an efficient method for turning up soil and
putting it back in place and is also effective
at distributing fertilizers uniformly within
15 cm of the soil profile. The beds with incor-
porated CRU were reshaped and raised to be
0.15 m high on 1.8-m centers. The length of
each row was ~49.4 m. Fumigant, drip tape
(0.31-m emitter spacing), and plastic mulch
were put down simultaneously. Fumigant
Pic-Clor 60 (1,3-Dichloropropene + Chloro-
picrin); TriEst Ag. Group Inc, Greenville,
NC) was injected at 336 kg-ha™' to prevent
nematode infestation and suppress weeds. Pest
control practices followed the recommenda-
tions for Florida commercial field tomato pro-
duction (Olson et al. 2010). Three weeks after
fumigation, holes were punched into the plastic
~0.61 m apart in preparation for transplanting.

A randomized complete block design (r =
3) was established, where 10-N treatments
were randomly assigned to plots that were
9.1 m long and 0.76 m wide with 0.91-m buf-
fers between each plot. The augmented facto-
rial treatment design consisted of a complete
factorial combination of three N sources [sol-
uble U and two CRU fertilizers with a 60-day
(CRU-60) and 75-day (CRU-75) release
duration], three N rates (140, 168, and 224
kg-ha™!), and an untreated N control (0
kg-ha™') as augmentation (Table 2). An addi-
tional drip line was put in to bypass the CRU
and control treatments and apply only the
U treatments to the appropriate plots. CRU
fertilizers were applied 100% of each N rate

at the time of bed formation, whereas U ferti-
gation treatments (split into 13 equal doses)
began 1 week after transplanting. Extractable
Mehlich-3 (M-3) phosphorous (P) and cal-
cium (Ca) tested high and soil pH ranged be-
tween 6.5 and 7.8 at preplant in each season
of tomato production (Table 3). Therefore,
application of P, Ca, and lime was not done
in each season. Extractable M-3 potassium
(K) tested low in the first year and medium in
the second year. Therefore, potassium sulfate
was applied through the drip weekly in 13
equal doses at 252 kg-ha™! in the first year
and 112 kg-ha™! in the second year. Extract-
able M-3 magnesium (Mg) tested medium in
all four tomato seasons and therefore, ma%ne-
sium sulfate was applied at 38 kg-ha™ in
three split doses in each production season
through the drip (Table 3).

Three weeks after fumigation, tomato (So-
lanum lycopersicum L.; cv. HM 1823) seed-
lings were transplanted in each season (Table
1). Fifteen seedlings were planted per treat-
ment. Irrigation was started after transplant-
ing and was run three times a day for 1 hata
flow rate of 31.5 cm’/s per 30.5 m of tape
(69 kPa). Seven days after transplanting
(DAT), U was applied through the drip tape
weekly into 13 equal doses during the sched-
uled irrigation period. Roughly 30 DAT,
wooden stakes were placed into the beds and
string was used to hold up the plants. De-
pending on the season, two to three harvests
were conducted, where the dates for the final
harvest conducted in each season are pre-
sented in Table 1. Measurements were taken
to place the beds in the same location after
each tomato production season. This makes
the experiment design a repeated measures.

Tissue analysis. Sampling periods varied
in both experimental years because of the im-
pacts of the COVID-19 shutdown, where
Spring 2020 was the only season that did not
have in-season sampling. Tissue and soil
sampling were done on the same day and
sampling periods for each season are summa-
rized in Table 3. One random tomato plant
was collected at each period of in-season
measurement and three plants were collected
at harvest for yield determination. In addition,
shovels were used to dig ~0.22m deep and
0.15m wide around the plant, which is the
depth at which the roots concentrated. The
distance between each plant (0.61 m) pro-

vided sufficient space to collect the roots
without disturbing the rest of the plot. After a
harvest was completed, tomatoes were taken
to a grading machine that separated them into
four sizes: small, medium, large, and extra
large (USDA 1991). Grader minimum desig-
nated diameters were 5.4 cm, 5.7 cm, 6.4 cm,
and 7.0 cm, respectively. Total fruit yield and
the proportion of fruit weight by tomato size
was calculated. Tomato tissues were analyzed
using standard procedures (Mylavarapu et al.
2024) at the University of Florida Institute of
Food and Agricultural Sciences (UF/IFAS) Ana-
Iytical Laboratories (ANSERV Laboratories) in
Gainesville and were dried at 65°C for about a
week. Whole-plant tomato samples were sepa-
rated into components of fruit, leaf (leaf blade
and petiole), stem, and root. The dry weights of
each tomato component were recorded and then
samples were ground and analyzed for total N.
Tomato dry matter was calculated for each plant
component and summed to calculate the whole-
plant dry matter. The planting density of 9075
plants per hectare was used to convert to
kg-ha™". Whole-plant N accumulation (kg-ha™")
was calculated by multiplying total N (TN) val-
ues by the dry matter.

Soil analysis. In each tomato season, in-
season (except Spring 2020) and at-harvest
soil samples were collected at a 15-cm depth
in untreated (no N fertilizer) soil to under-
stand soil mineral N availability during the
growing season (Table 3). Preplant bulk soil
samples from the field were used to deter-
mine M-3 P, K, Ca, and Mg and lime recom-
mendations. All soil samples were oven dried
at 105°C for 24 h and passed through a
2-mm sieve. Soils were analyzed for pH,
electrical conductivity (EC), total carbon
(TC), TN, NOs-N, and NH4-N. Soil C:N ra-
tios were calculated from TC and TN.

Efficiency evaluation. NUE is defined as N
uptake by the plant divided by the total amount
of N fertilizer applied. Apparent N recovery
(N) is defined as the difference in N uptake
(kg-ha ") between fertilized and unfertilized
plots and is in proportion to the amount of N
fertilizer applied. The NUE and APR were cal-
culated using the following equations as de-
scribed by Jalpa et al. (2020, 2021):

N,

NUE (%) = (N uptake in plant) % 100,

where N, is the amount of N fertilizer applied
(kg-ha™ ' N).

Ny — N,
APR (%) = (%) % 100

a

where Ny and Ny¢ were total N uptake in
fertilized and unfertilized plots (kg-ha™' N) and N,
is the amount of N fertilizer applied (kg-ha~' N).

Table 2. Nitrogen (N) source, rate, and application method for fall and spring tomato production in 2019-21 in north Florida.

Control N source

N rate' (kg-ha™!)

Application

0N CRF-60" (43-0-0)
CREF-75 (42-0-0)
Urea (46-0-0)

140, 168, 224

Full rate was applied during bed preparation

Full rate was applied during bed preparation
Fertigation: Mixed with water and split applied 13 times during the growing season

224 kg-ha~ ! is the recommended N rate for tomato production in Florida.
"CRF = controlled-release fertilizer with a 60- and 75-day duration of N release; urea as the main N source.
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Table 3. Soil chemical properties for the surface (15 cm) profile at the experimental site measured at various periods in each tomato season.

Yr 1
Fall 2019 Spring 2020
Soil parameter Preplant 42 DAT' 56 DAT Harvest Preplant Harvest Method of analysis
Total C (kg-ha™ ") 8526 7140 8078 8588 9600 8775 Combustion
Total N (kg-ha™') B 450 1163 2220 855 570 825 Combustion
Soil Mineral N (kg~ha’1)” 8.6 10.0 6.2 10.1 10.1 5.5 KCI extraction
C:N ratio 16.6 6.5 6.1 10.1 16.8 10.7 Combustion
pH (2:1 in water) 6.5 7.0 7.7 7.5 7.8 7.9 EPA Method 120.1
EC (mS-cm ') 0.0 0.0 0.0 0.1 0.1 0.0 EPA Method 150.1
Extractable phosphorous (mg-kgfl) 205.4 222.0 Mehlich-3 Soil Extraction
Extractable potassium (mg-kg’l) 22.3 12.0 Mehlich-3 Soil Extraction
Extractable magnesium (mg-kg’l) 27.5 25.0 Mehlich-3 Soil Extraction
Extractable calcium (mg~kg") 408.3 570.0 Mehlich-3 Soil Extraction
Yr 2
Fall 2020 Spring 2021
Preplant 42 DAT Harvest Preplant 56 DAT Harvest
Total C (kg-ha ") 9555 8880 9098 7808 8798 6713 Combustion
Total N (kg-ha™") 960 953 593 893 1013 863 Combustion
Soil mineral N (kg-ha™") 11.5 4.6 4.1 5.2 34.8 7.8 KCl extraction
C:N ratio 12.9 9.5 15.5 8.6 8.7 6.8 Combustion
pH (2:1 in water) 7.0 8.0 6.6 6.4 6.6 7.6 EPA Method 120.1
EC (mS-cm™ ") 0.0 0.0 0.0 0.1 0.1 0.1 EPA Method 150.1
Extractable phosphorous (mg-k%’l) 185.7 202.0 Mehlich-3 Soil Extraction
Extractable potassium (mg-kg™ ") 349 47.8 Mehlich-3 Soil Extraction
Extractable magnesium (mg-kg ') 24.8 27.0 Mehlich-3 Soil Extraction
Extractable calcium (mg-kg™") 501.5 348.8 Mehlich-3 Soil Extraction

?ADAT = days after transplanting.
ffVSOil mineral N (kg-ha™') = NH4-N + NO;-N
" EC = electrical conductivity.

Field N release characteristics of CRU.
To gain insight into field CRU N release
patterns during the growing season, an
additional plot was set aside to bury mesh
bags. The mesh bags (0.2 mm; Phifer Better-
vue, Tuscaloosa, AL) were 10 cm long and
10 cm wide, and 15 g of the CRU granules
were weighed to the nearest 0.01 g and were
recorded. The mesh bags were buried hori-
zontally 10 cm deep on the same day that
beds were prepared and were exposed to field
conditions (e.g., ambient temperatures, fumi-
gation, drip irrigation, buried in raised beds
and covered in plastic mulch). In each sam-
pling event, three bags per fertilizer (CRU-60
and CRU-75) were collected. Mesh bags
were first collected 2 weeks after fumigation
(period where it is safe to handle fumigated
soil). The second collection was done at
planting and the rest were collected biweekly
until harvest. A total of eight sample events
occurred in each season. After sampling,
CRU granules were removed from the bags
and carefully washed with deionized water.
The washed CRU granules were transferred
to beakers and placed in the oven for 48 h at
75 °C after which the weight of the remaining
CRU was recorded. The percent N cumula-
tive release rate by weight was calculated as

Percent cumulative N release from CRU
=%NRy, = (1 —a/b)

where %NR,, is the percent of N released as de-
termined by the weight method, a is the end
weight of the dried granules, and b is the begin-
ning weight of the granules, which was 15 g.
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Statistical analysis. Data were analyzed
jointly across all seasons using generalized lin-
ear mixed model methodology as implemented
in SAS® PROC GLIMMIX (SAS/STAT 15.1;
SAS Institute, Cary, NC, USA) using appropri-
ate data distributions, viz. binomial for fruit
size class analysis and normal for continuous
quantitative responses such as yield, NUE, etc.
Nitrogen treatment (N-source x N-rate) Sea-
son, and their interaction were considered
fixed effects, whereas Block and Block x
treatment were treated as random effects. Be-
cause plot identity was preserved across all
seasons, this experiment is of a repeated
measures nature requiring that the residuals
be modeled accordingly. Under the basic as-
sumption of independence and homogeneity
of variance, the residual variance is described
as 1 o2, where I equals an identity matrix with
all off-diagonal elements equal to zero, mean-
ing all seasons share the same residual vari-
ance o°. The best-fitting covariance model
(based on AICc) was a banded main diagonal
model, with each season having its own vari-
ance but without a covariance between sea-
sons. Thus, the best-fitting model still has
zeroes in the off-diagonals but the common
o’ is replaced by a2, 02, 023, and o2, for
the four seasons in the study. This lack of co-
variance among seasons is not all that surpris-
ing given the differences among the seasons
and the time lag and cover crop treatment be-
tween seasons. Fruit weight classes were
compared within each season x N treatment
(N-source x N-rate) using simple ¢ tests [least
significant difference (LSD)g 5] based on the
recommendations by Milliken and Johnson

(2009) and Saville (2015). Regression re-
sponses (linear + quadratic components) of N
sources within each season were compared
using linear contrasts. Because we conducted
the analysis jointly across all seasons, we are
able to compare seasons.

Results and Discussion

N release from CRU

Preliminary results showed that continu-
ous N release from both CRU fertilizers
(CRU-60 and CRU-75) occurred over time
under vegetable field conditions during each
production season (Fig. 2A-D). Release of N
was slower in the longer duration CRU-75
source. During the fumigation period, which
lasts 3 weeks before tomato planting [0-21 d
after fertilization (DAF)], initial N release
from CRUs was lower (8.3% to 24.2%) under
early spring season temperatures (22 °C) com-
pared with fall (25.0% to 37.9%), which had
early mean soil temperature of 31 °C. Carson
et al. (2014) similarly observed faster CRF N
release because of warmer fall bed tempera-
tures in southwest Florida and, as a result,
CRFs released faster than the manufacturer’s
stated N release duration. Under north Florida
conditions in the 2-year experimental period,
CRU N release duration in the field went past
the manufacturer’s stated release of 60 and 75 d
(103-138 DAF) lasting to the harvest period in
both fall and spring tomato production.

Soil N
Surface (15-cm soil depth) soil N (no N
fertilization) characteristics are summarized
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Fig. 2. Cumulative nitrogen (N) released as a percentage of initial weight of N from controlled-release urea (CRU) fertilizers that were buried in the field in
mesh bags and mean soil temperatures measured at various mesh bag collection periods during the tomato growing seasons in north-central Florida. The
field rate of N release from two CRU fertilizers with different durations of 60 d (CRU-60) and 75 d (CRU-75) are shown. Mesh bags were deployed at
the time of bed preparation and were exposed to field conditions (e.g., ambient temperatures, fumigation, drip irrigation, buried in raised beds, and cov-
ered in plastic mulch). In each season, mesh bags were first collected after the water was connected and the drip irrigation system was turned on (~17-20
DAF). The irrigation system was scheduled to run at 31.5 cm®/s per 30.5 m of tape at 69 kPa for three 1-h intervals per day. The final mesh bags were col-
lected at the final harvest period at 112, 138, 103, and 118 d after fertilization (DAF) in Fall 2019 (A), Spring 2020 (B), Fall 2020 (C), and Spring 2021
(D), respectively. Because of delays from COVID restrictions, mesh bag collections ceased at 19 DAF and resumed 64 DAF in Spring 2020. During this time
(19-64 DAF), irrigation was turned off. Error bars represent standard error of the mean (n = 3).

in each season in Table 3. Climatic conditions
and vegetable field management practices
heavily affects the mineralization of soil or-
ganic N, where net N release of 50-100
kg-ha™' can occur during the growing season
(Neeteson 1995). Preplant soil mineral N
(NH,* 4+ NO;7) was 8.6, 11.5, 10.1, and 5.2
kg-ha™", in Fall 2019, Spring 2020, Fall 2020,
and Spring 2021, respectively. In-season soil
mineral N ranged between 4.6 and 10 kg-ha ™'
during fall tomato and 34.8 kg-ha~' during
spring tomato field conditions. Maximum N
mineralization occurs at soil temperatures be-
tween 25 and 35°C (Knoepp and Swank
1998) and mean maximum soil temperatures
in north Florida in the 2-year experimental pe-
riod were 32.6°C during spring production
seasons. Therefore, it can be assumed that
mineralization of soil organic N played an im-
portant role on N availability for crop use in
spring. At harvest, soil mineral N was 10.1,
5.5,4.1, and 7.8 kg-ha™", in Fall 2019, Spring
2020, Fall 2020, and Spring 2021, respec-
tively. In-season surface soil C:N ratio ranged
between 6.1 and 10.2, indicating that mineral-
ization was the dominant N transformation
process occurring in soil that received no N
fertilization in north Florida (Jalpa and Myla-
varapu 2023).

Yield
Tomato fruit yield. The one-time preplant
application of polymer-coated CRU and split
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in-season applications of U similarly im-
proved drip-irrigated tomato yield during all
seasons (Table 4). Only in Fall 2019 was
there a difference among N sources, where
the total tomato yield averaged across all
rates was higher for CRU-75 (56.4 Mg-ha™")
compared with CRU-60 (50.7 Mg-ha ') and
U (529 Mgha™!). For all N sources, the
mean tomato yield was 44.3, 49.8, and 39.7
Mgha™"' in Spring 2020, Fall 2020, and
Spring 2021, respectively. Yields were found
to meet typical tomato yields in Florida,
which averages ~33.6 Mgha™' (USDA-
NASS 2022). There was a positive yield re-
sponse to applied N during the Fall 2019
growing season, with yield increasing be-
tween 139 and 578 kg-ha™' per kg applied N,
compared with the following Spring 2020
growing season with yield increases ranging
from 0 to 247 kg-ha™' per kg applied N (Ta-
ble 4). A similar relationship was observed
for the Fall 2020 and the following Spring
2021 growing seasons. In general, a signifi-
cant linear relationship existed between yield
and applied N for all N sources during the
two fall growing seasons, except for CRU-60
during Fall 2019. The significant quadratic
coefficients for CRU-75 and U enabled us to
calculate the maximum response. Derivative
of the quadratic tomato yield data showed
that yields were maximized at 129 and 131
kg-ha™' of N in Fall 2019 for CRU-75 and
U, respectively. For Fall 2020, yield was

maximized at 163 and 167 kg-ha™' (data not
shown).

The N rates where yield was maximized
may be considered low compared with actual
N rates applied in commercial tomato pro-
duction (300-600 kg-ha'). However, our re-
sults for tomato production were similar to
past studies for this physiographic region. In
north Florida, it was observed that seasonal
variation from year to year affected market-
able yield more so than the range of N fertili-
zation rates applied. A 3-year N rate study on
marketable yield resulted in similar yield pro-
duced among N rates of 176-330 kg-ha™".
Although the same N rates were applied year
to year, marketable yield increased on aver-
age from 28.0 Mgha™' in 2005 to 78.5
Mg-ha! in 2007 (Zotarelli et al. 2009a). Dif-
ferences in tomato yield were attributed to
low solar radiation in 2005. Nitrogen fertil-
izer rates as low as 67 kg-ha™! resulted in
41.9 Mg-ha™! and 56.0 Mg-ha™! of market-
able tomato and similar or decreases in yield
were found in the 269 kg-ha~' N rate (Ander-
sen et al. 1999) from year to year. Results
from an eight on-farm trial for fall, winter,
and spring tomato production resulted in sim-
ilar yields with N rates ranging from 224
kg-ha™' to 370 kg-ha™' in all production
years and seasons except for one winter sea-
son (Ozores-Hampton et al. 2006).

Averaged across all N sources and N
rates, yield was at least 20% higher during
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Table 4. Contrast analysis for each nitrogen (N) source on total tomato yield. Rate responses were calculated using linear and quadratic regression within
each N source. Tomato production seasons were analyzed separately because of different planting times and lengths of data collection for harvests.

Fall 2019 Spring 2020 Fall 2020 Spring 2021

N source/rate Estimate SE Estimate SE Estimate SE Estimate SE
Control 20.8 8.81 31.7 7.28 16.2 3.52 25.0 4.04
60-day controlled-release polymer-coated urea

140 49.3 8.81 383 7.28 50.9 3.52 375 4.04

168 413 8.81 41.5 7.28 43.5 3.52 47.7 4.04

224 61.4 8.81 49.2 7.28 51.2 3.52 54.5 4.04
Regression coefficients

Intercept 21.2% 8.38 31.7* 6.69 16.4* 3.9 24.8* 3.57

Linear 0.139 0.1741 —0.003 0.1384 0.325%* 0.0784 0.061 0.0711

Quadratic 0.0001 0.0008 0.0004 0.00063 —0.0008 0.00036 0.0003 0.00033
75-day controlled-release polymer-coated urea

140 57.2 8.81 50.0 7.28 49.3 3.52 327 4.04

168 71.0 8.81 54.6 7.28 62.2 3.52 429 4.04

224 41.0 8.81 49.6 7.28 48.0 3.52 49.0 4.04
Regression coefficients

Intercept 20.4* 8.38 31.6* 6.69 15.8* 39 24.8* 3.57

Linear 0.674* 0.1741 0.247 0.1384 0.488* 0.0784 0.014 0.0711

Quadratic —0.0025* 0.0008 —0.0007 0.00063 —0.0015* 0.00036 0.0004 0.00033
Urea

140 62.2 8.81 329 7.28 51.6 3.52 27.0 4.04

168 53.8 8.81 454 7.28 454 3.52 27.9 4.04

224 429 8.81 36.8 7.28 459 3.52 38.5 4.04
Regression coefficients

Intercept 21.0* 8.38 31.4* 6.69 16.4* 39 25.1% 3.57

Linear 0.578* 0.1741 0.08 0.1384 0.400%* 0.0784 —0.08 0.0711

Quadratic —0.0022* 0.0008 —0.0002 0.00063 —0.0012* 0.00036 0.0006 0.00033

Contrast P values comparing linear and quadratic component

CRU-60 vs. CRU-75 0.039 0.212 0.160 0.649
CRU-60 vs. Urea 0.087 0.675 0.508 0.184
CRU-75 vs. Urea 0.699 0.400 0.438 0.366

*Regression coefficients significant at o = 0.05.
SE = standard error.

fall compared with spring. In contrast, the
yields for unfertilized controls were at least
50% higher in spring compared with fall.
Andersen et al. (1999) observed unfertilized
spring tomato yield of 18.9 Mg-ha™" (cv. Co-
lonial) and 49.3 Mg~ha7l (cv. Equinox) for
fall unfertilized tomato yield in north Florida.
Differences in seasonal unfertilized tomato
were due to planting dates ranging between
March to May and July to September.
Temperature plays a major role in the re-
lease of soluble N from polymer-coated sour-
ces; the temperature in north Florida was
favorable to stimulating N release from CRUs
during the active tomato growth period (Fig.
2A-D). Most seasons resulted in similar yield
among N sources, indicating that fruit produc-
tion was not negatively affected by using an al-
ternative N source such as polymer-coated
CRU. van Eerd et al. (2018) found equivalent
yield benefits to using CRFs and soluble sour-
ces in cabbage production. However, it was
pointed out that meaningful differences due to
N sources may be found in light textured soil,
which can potentially leach N. Hartz and Smith
(2009) summarized vegetable studies that
found lower application rates of CRFs were
able to achieve comparable vegetable yield to
full applications of recommended N rates of
soluble N sources. However, these benefits
were more prominently seen in production sys-
tems in which there was high nutrient leaching
potential. Although tomatoes were produced
on sandy soils, the use of N fertilizer BMPs
such as CRFs and fertigation applied at lower
N rates under plastic mulch, seemed to have
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ensured uptake of N by tomato in the system
due to the close contact between roots and N
sources. Vegetable production studies (e.g.,
leafy greens) that found increased yield bene-
fits to CRFs under high leaching potential con-
ditions tended to not use plastic mulch.

Fruit size. The proportion of total fruit
yield was categorized by fruit size (small, me-
dium, large, and extra large) and the effects of
N source and N rate by season are presented in
Fig. 3A—C. Regardless of no N or applied N
treatments, it was equally as likely for the pro-
portion of fruit size to be composed mostly of
medium, large, and extra-large tomatoes. Doss
et al. (1975) also found similar marketable
yield and fruit size proportions among N rates
of 65-260 kg-ha™". Ayankojo et al. (2020)
also did not observe an N treatment effect on
the proportion of fruit size among the applied
N rates of 179-269 kg-ha™! in both spring and
fall production. The same study also found that
tomato yield in each fruit size category and to-
tal yield was primarily impacted by the deficit
irrigation rate tested, indicating that at more
than sufficient N levels, restricted water supply
can be a major yield limiting factor. The com-
bination of delayed planting and no N applica-
tion resulted in the only instance where a
significantly higher proportion of small toma-
toes was produced over larger sizes in Spring
2020. In our study, exposure to warmer tem-
peratures by delayed planting affected the pro-
portion of fruit size of the total fruit yield.

Higher market prices are paid for large
and extra-large fruit (Davis and Gardner
1994) and are therefore the desirable target

sizes for growers to produce. Ideal market-
able yield (large + extra-large fruit) com-
prised 65% to 68% and 64% to 68% of the
total fruit yield in Fall 2019 and Fall 2020, re-
spectively. About 40% and 52% to 55% were
of desirable marketable yield size in Spring
2020 and 2021, respectively (Fig. 3A-C).
The frequency of small and medium-sized to-
matoes of the same cultivar was higher under
the warm spring production conditions in
north Florida. Everett (1976) also observed
increased frequency of small (33%) and me-
dium (43%) tomatoes being produced under
spring production seasons, when compared with
the fall season, which resulted in mostly me-
dium (36%) and large (35%) tomatoes. Over
the decades, N fertilizer rate studies conducted
on sandy soils in various locations and seasons
of production have consistently concluded that
no appreciable increases in tomato yield were
observed when N was applied at rates above the
Florida recommended N rate of 224 kg-ha™' N
(Andersen et al. 1999; Hochmuth and Cordasco
2000; Hochmuth and Hanlon 2014; Jalpa et al.
2020, 2021; Ozores-Hampton et al. 2006; Zotar-
elli et al. 2009a, 2009b).

‘Whole-plant N accumulation

Only for CRU-75 was there a significant
linear response in whole-plant N accumulation
at the fruit-set stage (42 DAT) during Fall
2019, whereas in Fall 2020 a significant linear
and quadratic response was observed for all N
sources. Because the quadratic component
was significant, the maximum N rate could be
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Fig. 3. The effect of no nitrogen (N) and different N rates of N sources on the proportion of marketable ‘HM 1823’ tomato fruit yield by size over a 4-week
harvest period for each season in Fall 2019, Spring 2020, Fall 2020, and Spring 2021. N sources were polymer-coated controlled-release urea (CRU)
with a 60-day (CRU-60) (A) and 75-day (CRU-75) (B) N release duration and soluble urea (U) (C).

calculated. The lowest maximum N

served for CRU-75 (183.8 kg-ha '), followed

by CRU-60 (204.1 kg-ha™"), followed by U

(291.7 kg-ha™"). In general, no differences were
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rate was ob-

observed among N sources for regression coeffi-
cients, based on contrasts (Table 5).

During the fruit growth stage (56 DAT),
whole-plant N accumulation averaged across

all N sources and N rates was at least twice as
large during the Fall 2019 growing season com-
pared with the Spring 2021 season (Table 6).
There was no effect of N rate on whole-plant N
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Table 5. Contrast analysis for each N source on total whole-plant N accumulation in Fall 2019 and Fall

2020 tomato at the fruit-set stage (42 d after transplanting). Rate responses were calculated using linear
and quadratic regression within each N source. Tomato production seasons were analyzed separately be-

cause of different planting times and lengths of data collection for harvests.

Fall 2019 Fall 2020

N source/rate Estimate SE Estimate SE
Control 11.41 0.86 4.07 0.86
60-day controlled-release polymer-coated urea

140 21.26 2.81 21.94 2.81

168 24.93 2.81 25.29 2.81

224 24.13 5.25 23.17 5.25
Regression coefficients

Intercept 11.40* 0.97 4.06* 0.97

Linear 0.11 0.08 0.20* 0.03

Quadratic —0.00017 0.000451 —0.00049* 0.000173
75-day controlled-release polymer-coated urea

140 28.38 2.81 28.21 2.81

168 353 5.25 22.29 5.25

224 25.17 2.81 259 2.81
Regression coefficients

Intercept 11.41%* 0.97 4.09* 0.97

Linear 0.23* 0.08 0.25* 0.05

Quadratic —0.00071 0.000430 —0.00068* 0.000267
Urea

140 21.96 2.81 19.29 2.81

168 25.31 2.81 20.25 2.81

224 31.66 5.25 23.0 5.25
Regression coefficients

Intercept 11.41%* 0.97 4.07* 0.97

Linear 0.05 0.05 0.14* 0.04

Quadratic 0.00020 0.000335 —0.00024 0.000232

Contrast P values comparing linear and quadratic component

CRU-60 vs. CRU-75 0.2710 0.4258
CRU-60 vs. Urea 0.5224 0.2368
CRU-75 vs. Urea 0.0497 0.1134

*Regression coefficients significant at o = 0.05.
SE = standard error.

Table 6. Contrast analysis for each N source on total whole-plant N accumulation in Fall 2019 and Spring
2021 tomato during the fruit growth stage (56 d after transplanting). Rate responses were calculated using
linear and quadratic regression within each N source. Tomato production seasons were analyzed sepa-

rately because of different planting times and lengths of data collection for harvests.

Fall 2019 Spring 2021

N source/rate Estimate SE Estimate SE
Control 23.15 491 9.18 491
60-day controlled-release polymer-coated urea

140 54.65 11.32 21.73 11.32

168 65.96 7.41 20.1 7.41

224 64.27 11.32 22.96 11.32
Regression coefficients

Intercept 22.94 11.66 9.26 5.85

Linear 0.35 0.23 0.12 0.09

Quadratic —0.00074 0.001056 —0.00025 0.000421
75-day controlled-release polymer-coated urea

140 46.93 7.41 21.83 7.41

168 90.41 7.41 37.17 7.41

224 50.68 7.41 20.84 7.41
Regression coefficients

Intercept 21.94 11.66 8.75 5.85

Linear 0.59* 0.23 0.28* 0.09

Quadratic —0.00193 0.001056 —0.00095* 0.000421
Urea

140 64.32 11.32 19.16 11.32

168 55.82 11.32 13.25 11.32

224 52.71 491 15.9 491
Regression coefficients

Intercept 23.38 11.66 9.35 5.85

Linear 0.50 0.23 0.09 0.09

Quadratic —0.00168 0.001056 —0.00031 0.000421

Contrast P values comparing linear and quadratic component

CRU-60 vs. CRU-75 0.4828 0.2262
CRU-60 vs. Urea 0.6555 0.8711
CRU-75 vs. Urea 0.7962 0.1723

*Regression coefficients significant at o« = 0.05.
SE = standard error.
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accumulation for any N source and season ex-
cept for CRU-75 during Spring 2021, where
the maximum N accumulation occurred at 147
kg-ha ! applied N.

The mean unfertilized whole-plant N accu-
mulation at harvest was at least 60% to 300%
higher in spring compared with fall (Table 7).
In-season residual soil mineral N was more
limited during fall seasons (4.6-10 kg-ha™")
compared with spring (34.8 kg-ha™') (Table 3),
which may explain the higher N removal in
unfertilized spring tomato. Andersen et al.
(1999) observed unfertilized whole-plant N ac-
cumulation of 96.2 kg-ha™" for fall tomato and
433 kg-ha™" for spring tomato. Lower N accu-
mulation for unfertilized fall tomato observed
in this study may be a result of differences
in planting dates that were done in early
September, whereas fall tomatoes in the exper-
iment by Andersen et al. (1999) were planted
in late July.

A consistent whole-plant N accumulation re-
sponse to applied N across all N sources was
observed only during the Fall 2020 season (Ta-
ble 7). For Fall 2019, only the CRU-75 and U
exhibited a significant linear response. In Spring
2020, this was the case only for CRU-75. No
significant relationship between applied N and
whole-plant N accumulation was observed dur-
ing the final Spring 2021 season. No statistically
meaningful differences among N sources could
be established in any season based on contrast
analysis. Only during the Fall 2020 season were
we able to calculate a maximum response based
on a significant quadratic relationship at 174
kg-ha~! for U. At harvest, only spring tomato
production seasons showed differences in N
source on whole-plant N accumulation. The
mean whole-plant N accumulation at harvest
was 96, 100, 111, and 103 kg-ha™' in Fall
2019, Spring 2020, Fall 2020, and Spring 2021,
respectively (Table 7). Therefore, the typical N
uptake or CNR of tomato (‘HM 1823’) was on
average 102.5 kg-ha~! under production condi-
tions in north Florida during the 2-year experi-
ment. Reported values of total N accumulation
by tomatoes typically range from 150 kg-ha™'
to 300 kg-ha~' depending on cultivar, soil, and
irrigation system (Broadbent et al. 1980). In
north Florida, whole-plant N accumulation in
various tomato cultivars ranged between 85
ke-ha™! and 159 kg-ha™! under N fertilization
rates of 66 kg-ha~' to 333 kg-ha™' (Andersen
et al. 1999; Jalpa et al. 2020, 2021; Scholberg
et al. 2000). Tomato N accumulation from this
preliminary study was found to be within the
range of what is observed for north Florida.

Results from this 2-year study showed
that the use of polymer-coated CRU-75 im-
proved tomato N uptake, indicating that there
may be benefits to using CRU for improving
N uptake efficiency under warm production
systems. Under north Florida growing condi-
tions, the management of N fertilizer using
fertigation and CRU sources did not lead to
negative differences in N removal rates by to-
mato (102.5 kg-ha™' N) indicating that CRU
can be used to successfully maintain the
CNR on sandy soils. It is important to con-
sider that both N fertilizer BMPs evaluated
(one-time preplant CRU application and in-
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Table 7. Contrast analysis for each N source on total whole-plant N accumulation in Fall 2019, Spring 2020, Fall 2020, and Spring 2021 tomato at har-
vest. Rate responses were calculated using linear and quadratic regression within each N source. Tomato production seasons were analyzed separately
because of different planting times and lengths of data collection for harvests.

Fall 2019 Spring 2020 Fall 2020 Spring 2021

N source/rate Estimate SE Estimate SE Estimate SE Estimate SE
Control 25.07 40.68 19.00 60.54 8.69
60-day controlled-release polymer-coated urea

140 75.85 13.12 70.85 13.12 111.23 13.12 89.43 13.12

168 88.77 19.28 71.67 19.28 94.97 19.28 92.96 19.28

224 103.62 19.28 99.59 19.28 124.27 19.28 117.70 19.28
Regression coefficients

Intercept 24.97 14.83 40.91* 13.19 19.71 12.88 60.69* 12.12

Linear 0.41 0.29 0.07 0.25 0.78* 0.24 0.08 0.23

Quadratic —0.00026 0.00132 0.00083 0.00115 —0.00145 0.00111 0.00075 0.00103
75-day controlled-release polymer-coated urea

140 68.24 8.69 100.72 8.69 95.46 8.69 91.06 8.69

168 122.09 19.28 104.51 19.28 122.75 19.28 112.95 19.28

224 91.40 13.12 94.77 13.12 113.57 13.12 103.94 13.12
Regression coefficients

Intercept 23.73 14.83 40.61* 13.19 18.45 12.88 60.04* 12.12

Linear 0.70* 0.29 0.76* 0.25 0.91* 0.24 0.40 0.23

Quadratic —0.00166 0.00132 —0.00231 0.00115 —0.00210 0.00111 —0.00086 0.00103
Urea

140 105.05 13.12 58.29 13.12 120.65 13.12 63.51 13.12

168 98.74 8.69 76.66 8.69 108.50 8.69 55.41 8.69

224 111.37 8.69 64.68 8.69 111.21 8.69 82.74 8.69
Regression coefficients

Intercept 25.42 14.83 40.21%* 13.19 19.44 12.88 60.93* 12.12

Linear 0.78* 0.29 0.29 0.25 1.13* 0.24 —0.22 0.23

Quadratic —0.00182 0.00132 —0.00075 0.00115 —0.00325* 0.00111 0.00136 0.00103

Contrast P values comparing linear and quadratic component

CRU-60 vs. CRU-75 0.4775 0.0631 0.7047 0.3346
CRU-60 vs. Urea 0.3680 0.5500 0.3153 0.3563
CRU-75 vs. Urea 0.8466 0.1931 0.5273 0.0665

*Regression coefficients significant at o = 0.05.
SE = standard error.

season split applied U) resulted in a constant
supply of N to tomato, whereas calculated re-
sponses were found at lower N rates compared
with N rates typically used by growers. Such
practices ensured that tomato N requirements
were being met for the average growing period
of tomato, which is ~13 weeks for north
Florida. Similar practices should be tested in
other physiographic regions of Florida to as-
sess the suitability of using polymer-coated
CRU in longer seasons of production.

Plant efficiency
Apparent N recovery efficiency. The effect
of N rate within N source on tomato APR was

significant (Table 8; a, ab, and b lettering). An
APR value of zero indicates N accumulation
did not differ between the unfertilized plant
and fertilized plant (Craswell and Godwin
1984; Mengel et al. 2006). In other words,
there was sufficient N available in the soil for
crop uptake and N fertilizer input was not re-
quired to fulfill the CNR and thus excessive.
There were no statistically meaningful differ-
ences among N rates detected for CRU-60; the
mean APR efficiency across all CRU-60 N
rates was 36.4%, 22.1%, 52.7%, and 21.8% in
Fall 2019, Spring 2020, Fall 2019, and Spring
2021, respectively. Tomato APR efficiency
was not consistent across N rates in CRU-75

and U in every season. For instance, in Fall
2019, APR was highest under the 168 N rate
(57.7%) for CRU-75, but all N rates resulted in
similar APR (24.1%) for CRU-75 in Spring
2021.

For the two fall seasons, APR among N
sources differed statistically meaningfully only
at the 140 kg-ha™" rate, with an APR of 57.1%,
36.3%, and 30.8% for U, CRU-60, and CRU-
75, respectively, during Fall 2019 and 72.6%,
65.9%, and 54.6% during the Fall 2020 grow-
ing season. The APR did not differ statically
meaningfully among the remaining two rates
(Table 8; x, xy, and y lettering). During the two
spring seasons, the APR for U was much

Table 8. The effect of nitrogen (N) rates within N source and the effect of N sources within N rate on tomato apparent recovery of N fertilizer (APR).
APR is calculated as the difference in total N uptake between fertilized and unfertilized plots divided by the total amount of N fertilizer applied.

Fall 2019' Spring 2020 Fall 2020 Spring 2021
N source/rate Estimate SE Estimate  SE Estimate SE Estimate  SE
60-day controlled-release polymer-coated urea_
140 36.3 8.6 a" xy'" 21.6 86 a y 65.9 856 a Xy 20.6 8.6 a Xy
168 37.9 12.4 a X 18.4 124 a X 452 12.4 a X 19.3 124 a Xy
224 35.1 8.6 a X 26.3 8.6 a Xy 47.0 8.6 a X 25.5 8.6 a X
75-day controlled-release polymer-coated urea
30 6.1 b y 429 6.1 a X 54.6 6.1 a y 21.8 6.1 a X
168 57.7 12.4 a X 38.0 12.4 ab X 61.7 12.4 ab X 31.2 12.4 a X
224 29.6 6.12 b X 24.1 6.1 b X 422 6.1 b X 19.4 6.1 a X
Urea
140 57.1 86 a X 10.5 86 a vy 726 86 a  x 21 86 ab y
168 43.8 6.1 ab X 16.0 6.1 a X 533 6.1 b X -3.1 6.1 b y
224 38.5 6.1 b X 10.7 6.1 a y 412 6.1 c X 9.9 6.1 a X

A joint analysis of all seasons was conducted, but the means were reported separately for each season.

i a, b, ab letters compare N rates within N source.
"'x, y, xy letters compare N sources within N rate.
SE = standard error.

450

HorTSciENCE VoL. 59(4) ApriL 2024

/0 y7/PuU-ou-Aq/sasua9l|/610 suowwodaAeaId//:sdny (/0 /Pu-ou-Agq/sasual|/Bi0° suowwodaAleald//:sdiy) asual|
AN-DN-AgG DD 8y} Jepun pajnguisip ajoie ssaooe uado ue si siy] "ssaooy uadQ eIA 0g-1 L-GZ0Z 1e /woo Alojoejqnd pold-awiid-yJewlayem-jpd-swiid//:sdiy wouy papeojumoq



Table 9. The effect of nitrogen (N) rates within N source and the effect of N sources within N rate on tomato fertilizer use efficiency (NUE). NUE is cal-
culated as total N uptake divided by the amount of total N fertilizer applied.

Fall 2019 Spring 2020 Fall 2020 Spring 2021
N source/rate  Estimate SE Estimate SE Estimate  SE Estimate SE
60-day controlled-release polymer-coated urea
140 54.2 86 a' xy" 50.6 86 a y 79.5 86 a  xy 63.9 86 a xy
168 52.8 125 a X 42.6 125 a xy 56.5 125 ab x 55.3 125 a xy
224 46.2 8.6 a X 44.5 8.6 a X 55.5 86 b X 52.5 8.6 a X
75-day controlled-release polymer-coated urea
140 48.7 63 ab vy 72.0 63 a x 68.2 6.3 y 65.0 6.3 X
168 72.7 125 a X 62.2 125 ab x 73.1 125 ab x 67.2 125 ab x
224 40.8 63 b X 423 63 b x 50.7 63 b x 46.4 63 b x
Urea
140 75.0 86 a X 34.7 86 a y 86.2 86 a x 453 86 a y
168 58.8 63 ab x 342 63 a vy 64.6 6.3 X 33.0 63 a vy
224 49.7 46 b X 28.9 46 a vy 49.7 46 ¢ X 36.9 46 a vy

" A joint analysis of all seasons was conducted, but the means were reported separately for each season.

i a, b, ab letters compare N rates within N source.

i %, v, xy letters compare N sources within N rate.

SE = standard error.

smaller than for CRU-60 and CRU-75, tending
toward zero, indicating excessive N application.
There were no other recognizable patterns
among N sources during spring seasons.

N use efficiency. When considering overall
N uptake of the fertilized tomato plant alone,
NUE trends were similar to tomato APR for
the CRU-60 source (Table 9; a, ab, and b let-
tering). Across all N rates, tomato NUE was
51.1%, 45.9%, 63.8%, and 57.2% in Fall
2019, Spring 2020, Fall 2019, and Spring
2021, respectively. For CRU-75 and U sour-
ces, NUE decreased with increasing N rates
in all seasons, where NUE ranged between
65% and 86.2% at the 140 N rate. All N sour-
ces similarly affected NUE at the 168 and
224 N rate in Fall 2019 (61.4% to 62.2%)
and Fall 2020 (45.6% to 52.0%); however, at
the 140 N rate, split applied U (75.0% to
86.2%) significantly improved NUE alone in
fall (Table 9; x, xy, and y lettering). For
spring production seasons, overall tomato
NUE was significantly improved by CRU
sources (42.3% to 72.0%).

Based on the low APR values found in
spring production seasons, it can be con-
cluded that residual soil N is an important
source for tomatoes produced on sandy soils
in north Florida. According to overall spring
NUE values, lower N rates (which inherently
consider soil N contributions) combined with
polymer-coated CRU sources may be a com-
bination of BMPs benefiting nutrient sustain-
ability of warm season tomato production in
north Florida. At the lowest N rate, U signifi-
cantly improved APR and NUE under cool
production seasons. Perhaps weekly doses of
a readily available N source benefited tomato
N uptake during a fruit growth period in
which soil temperatures were less conducive
to stimulating soil mineralization (<25°C)
(Fig. 2A-D). High APR values (57.1% to
72.6%) were helpful in indicating that fall to-
mato was limited by low residual soil mineral
N and required N fertilization to help fulfill
the CNR. Under spring tomato production, U
(APR: 0% to 16.0%) was not considered an
efficient N source.

Differences in tomato nutrient uptake be-
tween CRF and soluble N sources have been
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observed, in which the nutrient uptake per
plant and per fruit was found to be lower with
CREF sources, indicating that nutrient use effi-
ciency was higher for tomatoes produced with
CRFs (Kinoshita and Masuda 2011). In addi-
tion, Kinoshita and Masuda (2011) found that
tomatoes absorbed the bulk of nutrients re-
leased from CRFs immediately after they were
released from the CRF surface. Because CRF
prills are completely and continuously sur-
rounded by plant roots (assuming prills are in-
corporated into the soil), it can be expected
that crop N uptake will be much more efficient.
In our study, CRU prills were incorporated
within the root zone and continuously released
N during growing season (Fig. 2A-D).

Conclusions

Preliminary results from the 2-year study
showed that the one-time application of CRU
at preplant sustained similar yield and N accu-
mulation when compared with multiple fertiga-
tion applications of conventional urea. As
such, polymer-coated CRU could be consid-
ered a dependable alternative N source for to-
mato production, in which the ease of applying
CRU once during the bed preparation period
may be an economical incentive. N rates above
140 kg-ha™' did not lead to appreciable im-
provements in yield, N accumulation, and
APR and NUE efficiencies, indicating that
drip-irrigated tomatoes in north Florida may be
produced at a 38% reduction of the recom-
mended N rate (224 kg-ha!). This finding is
supported by the CNR of tomato, which was
on average 102.5 kg-ha ! under production
conditions in north Florida. At higher N rates,
similar tomato N efficiency was found, indicat-
ing increased environmental risk when N rates
exceed tomato CNR. Yield, N accumulation,
and N efficiency were consistently lower under
spring production conditions, indicating that
decreases in N rates may greatly benefit the N
efficiency of warm season tomato production
in north Florida, especially when residual soil
mineral N may contribute significantly to the
CNR. Improved tomato APR and NUE effi-
ciencies were found in split applied U under
fall production seasons, whereas APR and

NUE efficiencies were improved under spring
production seasons when CRUs were applied
at preplant.
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