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ABSTRACT. The objective of this study was to compare the growth, quality, and
yield of compact tomato (Solanum lycopersicum) and pepper (Capsicum annuum)
plants using different nitrogen (N) concentrations from a complete fertilizer
solution (15N–2.2P–12.5K with micronutrients). Two experiments were
conducted in separate locations (Florida and Indiana). During each experiment,
tomato and pepper plants were hand-irrigated during production phases that
lasted 7 and 9 weeks, respectively, with fertilizer solutions containing 0, 50, 100,
150, or 200 mg·L21 N applied with each irrigation event (Expt. 1) or every
other irrigation event (Expt. 2). In both experiments, the N concentration either
increased or remained constant during a fruiting phase during which tomato and
pepper plants were grown for an additional 8 and 10 weeks, respectively. Growth
and yield results were generally similar between the two experiments. Overall,
plants that received a lower N concentration during both production and
fruiting phases tended to be shorter, had a smaller growth index, and produced a
lower fruit yield compared to those treated with a higher N concentration. Plant
greenness, measured as either SPAD index or chlorophyll concentration, was
generally lower in plants that received a lower N concentration during the production
phases and maintained a similar pattern during the fruiting phases. However, at the
end of both experiments, the greenness of plants that received 0/150 mg·L21 N
(concentrations used during production and fruiting phases, respectively) tended to
be higher than that of those treated with 50/50 mg·L21 N. Fruit yield was generally
lowest for plants from both species treated with either 0/150 or 50/50 mg·L21 N.
In general, tomato plants treated with ≥100/100 mg·L21 N had a similar fruit
yield. However, the yield of pepper plants tended to increase with higher N
concentrations during both the production and fruiting phases. Intumescence of
pepper plants also increased with a higher N concentration, but there were
different responses between the two experiments, suggesting that the growing
environment plays a role during the development of the disorder. Overall, our
findings showed that reducing the initial N concentration is a potential strategy
for producing short tomato and pepper plants with a small growth index, but that
the postproduction yield will likely decrease as the N concentrations are reduced
during production.

The high value and short pro-
duction cycle of most bedding
plants require intense produc-

tion methods that often include the use
of plant growth regulators to maintain
desirable attributes for plant size, shape,
and flowering (Jardin 2015). Growers
typically aim to produce compact plants
that are esthetically and proportionally
balanced to the container size. Control-
ling shoot height is also important for
shipping and handling after plants leave
production facilities (Whipker et al.
2011). However, shoot-height control
can be a challenge when growing plants
of edible crops such as vegetables and
herbs because of existing regulations
with the use of chemical plant growth
regulators. To date, uniconazole is

the only approved active ingredient for
these crops, and its cumulative applica-
tion cannot exceed 10 mg·L�1; further-
more, it must be applied no later than
14 d after the two-to-four true-leaf
stage (Dunn et al. 2022; Runkle 2009).
Although various studies have evalu-
ated nonchemical means to control the
shoot height of ornamental plants,
including me chanical conditioning
(Latimer 1998), modifying light quality
(Bridgen 2016; Feng et al. 2019;
Rajapakse and Kelly 1992), restricting
fertilizer applications (Ågren et al. 2012;
Kang and van Iersel 2009; Latimer and
Oetting 1998), adjusting day and night
temperatures (Amsen and Nielsen 1991;
Boldt 2018; Karlsson et al. 1989), apply-
ing controlled water deficit (Alem et al.

2015; Nemali and van Iersel 2004),
and restricting root growth (van Iersel
1997), limited information describing
the effect of nonchemical shoot-height
control strategies for vegetable bedding
plants is available (Currey et al. 2019,
2020; Litvin et al. 2016).

Tomato (Solanum lycopersicum)
and pepper (Capsicum annuum) are
popular vegetable bedding plants in
the United States, with 86% and 46%
of households, respectively, producing
these plants in 2023 (Littlefield 2023).
New compact cultivars of these crops
have become available in recent years,
thus enabling consumers to garden in
small, urban spaces (Cruz and G�omez
2022; Cruz et al. 2023; Richardson
and Arlotta 2022). However, recent
studies have suggested that the dynamic
environmental conditions in most green-
houses, such as temperature, humidity,
and light quality, can largely affect
growth of these plants and, thus, their
natural compact habit may not be
maintained (Cruz et al. 2022, 2023).

A common recommendation for
growers to keep vegetable bedding
plants short is to allow them to slightly
wilt between irrigation events (Leth
2022). Another industry report rec-
ommended limiting excess nitrogen
(N) to control shoot height (Carlson
et al. 2020). Accordingly, various stud-
ies have shown that reducing the N
concentration during greenhouse pro-
duction can help control the shoot
height of vegetable transplants (Liu
et al. 2012) and various ornamental
bedding plants (Harp and Pulatie 2008;
Park and Faust 2021, 2023; White and
Scoggins 2005). Restricting other nutri-
ent elements such as phosphorus (P) has
also been demonstrated to limit the
shoot height of potted herbs, such as
parsley (Petroselinum crispum), sage
(Salvia officinalis), basil (Ocimum
basillicum), and dill (Anethum graveolens)
(Currey et al. 2020), and ornamental
plants such as poinsettia (Euphorbia
pulcherrima) and chrysanthemum
(Chrysanthemum ×morifolium) (Caspersen
and Bergstrand 2020). Although these
strategies can help growers produce
shorter plants, their postproduction
effects are largely unknown. Dufault
(1998) noted that fertilizer availabil-
ity during transplant production di-
rectly affects yield of fruiting vegetables.
Therefore, potential yield reductions
from using these recommended prac-
tices during vegetable bedding plant
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production may affect consumers’
experiences in the postproduction
environment (Kendal et al. 2012).

The objective of this study was to
compare the growth, quality, and yield
of compact tomato and pepper plants
using different N concentrations from a
complete fertilizer solution during the
“production” and postproduction
“fruiting” phases. We hypothesized
that plants with lower N during the
production phase would be shorter
than those with higher N, but that
intermediate N concentrations would
enable the production of short, high-
yielding plants during the fruiting phase.
Two experiments were conducted in
separate locations during this study.

Materials and methods
EXPT. 1. The first experiment

was conducted in Gainesville, FL, USA
(lat. 30�N), where seeds of compact
‘Siam’ (PanAmerican Seed Co., Chicago,
IL, USA) tomato and ornamental/
edible ‘Basket of Fire’ (Syngenta AG,
Basel, Switzerland) pepper were indi-
vidually sown on 30 Sep 2021 into in-
dustry-standard 84-cell propagation
trays (individual cell volume, 25 mL)
filled with horticultural grade substrate
composed of (volume/volume) 79% to
87% peatmoss, 10% to 14% perlite, and
3% to 7% vermiculite (Pro-Mix BX
general purpose; Premier Tech Hor-
ticulture, Quakertown, PA, USA) spe-
cially formulated without a fertilizer
starter charge. Trays were placed on a
metallic mesh bench [7.6 m (length) ×
1.8 m (width)] inside a polycarbonate

greenhouse with retractable shade cur-
tains that was equipped with unit heat-
ers and pad-and-fan evaporative cooling.
Pepper and tomato seedlings were
grown for 15 and 30 d, respectively,
and irrigated as needed with clear tap
water with an electrical conductivity
(EC) of 0.4 mS·cm�1, pH of 8.3,
and 31.2 mg·L�1 calcium carbonate
(CaCO3), and that contained (in mg·L�1)
0.3 N [combining 0.2 ammonium
(NH4-N) and 0.1 nitrate NO3-N)],
0.1 P, 1.7 potassium (K), 36.8
calcium (Ca), 23.4 magnesium (Mg),
41.6 sulfur (S), 0.02 iron (Fe), 0.0
manganese (Mn), 0.0 zinc (Zn),
0.0 copper (Cu), 0.03 boron (B), 0.0
molybdenum (Mo), 11.5 sodium (Na),
and 27.3 chloride (Cl).

On 29 Oct 2021, 42 uniform
seedlings of each species were individu-
ally transplanted into 8-inch-diameter
(20.3 cm) azalea plastic containers
(3.1 L) (BWI; Nash, TX, USA) using
the same aforementioned substrate. Six
additional tomato seedlings were trans-
planted using the same commercial sub-
strate, but with a formulation that
had a fertilizer starter charge (1.0 to
2.3 mS·cm�1 EC according to the
manufacturer label). Plants were ran-
domly placed on two metallic mesh
benches (one for each species) in the
same aforementioned greenhouse and
spaced 30 cm apart. Each plant was
placed on top of an 8-inch plastic
saucer to ensure that leachate was re-
absorbed after each irrigation event.

Fertilizer treatments were started
at the beginning of each production
or fruiting phase. The production phase
ended when all plants had at least one
immature fruit $1 cm in diameter,
which occurred on 19 Dec 2021 and
28 Dec 2021 for tomato and pepper
plants, respectively (approximately 7 and
9 weeks after transplanting). During
the production phase, the experiment
used an unbalanced design to accom-
modate the treatments evaluated dur-
ing the fruiting phase. Therefore, 18,
12, 6, and 6 replicate plants of each
species were hand-irrigated with fer-
tilizer solutions containing 50, 100,
150, or 200 mg·L�1 N, respectively,
provided by a water-soluble fertilizer
with micronutrients (Peter’s Profes-
sional 15N–2.2P–12.5K; ICL Specialty
Fertilizer; Summerville, SC, USA) ap-
plied with every irrigation event. Six
tomato plants were also grown in
substrate with fertilizer starter charge

and were irrigated with tap water only
(hereafter referred to as plants treated
with 0 mg·L�1 N). All plants were
checked once daily, and irrigation events
occurred as needed when the substrate
moisture level of four replicate plants per
treatment fell below level three based on
a visual subjective moisture scale (Fisher
2013). Plants were hand-irrigated with
a graduated cylinder, which enabled
quantification of the volume of fertil-
izer solution applied until slight leaching
was observed in the saucers.

During the fruiting phase, six repli-
cate plants of each species were assigned
a fertilizer treatment whereby the N
concentration either increased or re-
mained constant throughout the rest
of the experiment. Eight fertilizer treat-
ments were evaluated in this phase, and
the treatment codes used from here-
after describe the N concentration
(in mg·L�1) applied during the produc-
tion and fruiting phase, respectively:
0/150, 50/50, 50/100, 50/150,
100/100, 100/150, 150/150, or
200/200. The fruiting phases ended
on 10 Feb 2022 and 9 Mar 2022 for
tomato and pepper plants, respectively
(8 and 10 weeks).

Temperature and relative humid-
ity (RH) setpoints in the greenhouse
were 24/22 �C (day/night) and 65%,
respectively. Data were measured with
temperature and RH probes (HMP60-L;
Campbell Scientific, Logan, UT, USA)
and quantum sensors (SQ512; Apogee
Instruments Inc., Logan, UT, USA)
interfaced to a datalogger (CR1000 with
AM16/32Bmultiplexer; Campbell Scien-
tific) placed at above-canopy height in
the center of each bench. Measurements
were performed every 30 s and recorded
at 60-min intervals. The average (±SD)
daily temperature, RH, and daily light
integral (DLI) recorded throughout
the experiment were 23.1 ± 1.2 �C,
65 ± 10%, and 16.3 ± 3 mol·m�2·d�1,
respectively.

EXPT. 2. The second experiment
was conducted in West Lafayette, IN,
USA (lat. 40�N), where seeds of the
same species and cultivars were sown
on 9 Sep 2022 into industry-standard
72-cell propagation trays (individual cell
volume, 46 mL) filled with horticulture-
grade substrate (Professional Growing
Medium; Midwest Trading, Virgil,
IL, USA) specially formulated without
a fertilizer starter charge. The substrate
was composed of (volume/volume) 70%
to 76% peatmoss, 13% to 17% perlite,
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and 5% to 7% pine bark. Trays were
placed on a metallic mesh bench [7.3 m
(length) × 1.8 m (width)] inside a
glass-glazed greenhouse with retract-
able shade curtains, pad-and-fan evapo-
rative cooling, and radiant hot water
pipe heating regulated by an environ-
mental control system (Maximizer Preci-
sion 10; Priva Computers, Vineland
Station, ON, Canada). Supplemental
lighting was delivered by 1000-W high-
pressure sodium lamps (P.L. Light
Systems Inc., Beamsville, ON, Can-
ada) used for 16 h·d�1 (0500 to 1900
HR) that provided a photosynthetic
photon flux density of approximately
150 mmol·m�2·s�1. Seedlings were
grown for 36 d and irrigated as
needed with acidified tap water that
had an EC of 0.8 mS·cm�1, pH of 7.3,
195 mg·L�1 CaCO3, and containing
(in mg·L�1) 0.2 NO3-N, 0.4 P, 3.0 K,
96.0 Ca, 38.0 Mg, 51.0 S, 0.4 Fe,
0.0 Mn, 0.0 B, 14 Na, and 36 Cl.

On 4 Oct 2022, 64 uniform seed-
lings of each species were individually
transplanted and grown following pro-
cedures similar to those described for
Expt. 1, with the following exceptions.
Plants of both species were treated with
0 mg·L�1 N, and the substrate used
for this treatment was composed of
50% coarse peatmoss, 35% pine bark,
and 15% horticultural perlite (BM7
35% North Bark; Berger, QC, Canada).
Plants in all other treatments were grown
in the same substrate used during propa-
gation. As previously explained, an un-
balanced design was used during the
production phase, during which 8, 24,
16, 8, and 8 replicate plants of each spe-
cies were hand-irrigated with fertilizer
solutions containing 0, 50, 100, 150,
and 200 mg·L�1 N, respectively, ap-
plied every other irrigation event. Acidi-
fied tap water was used to irrigate plants
on days when no fertilizer solution was
applied. The production phase ended
on 21 Nov 2022 and 5 Dec 2022 for
tomato and pepper plants, respectively
(7 and 9 weeks after transplanting). For
the fruiting phase, eight replicate plants
of each species were grown with the
same fertilizer treatments evaluated dur-
ing Expt. 1. The fruiting phases ended
on 17 Jan 2023 and 13 Feb 2023 for
tomato and pepper plants, respectively
(8 and 10 weeks).

Temperature and RH setpoints
in the greenhouse were 24/22 �C
(day/night) and 65%, respectively.
However, RH was difficult to maintain

within the desired setpoint because
of the use of winter heating. Tem-
perature sensors (107 Temperature
Probe; Campbell Scientific) and
quantum sensors (SQ-500-SS; Apo-
gee Instruments) interfaced to a data-
logger (CR1000; Campbell Scientific)
were placed at above-canopy height
in the center of each bench. RH was
measured with a datalogger (HOBO
UX100-023; Onset Computer Cor-
poration, Bourne, MA, USA) that was
also placed at the center of each bench.
The average daily temperature, RH,
and DLI recorded throughout the
experiment were 23.4 ± 1.6 �C, 43 ±
9%, and 14mol·m�2·d�1, respectively.

DATA COLLECTION. Data collected
were the same in both experiments,
and variables of all plants were mea-
sured, with a few exceptions, as de-
scribed subsequently. Before the end
of each phase, plant height was mea-
sured from the substrate surface to
the tallest growing point. The widest
diameter and width 90� from the wid-
est diameter were also recorded. The
growth index (GI) was used as an in-
dication of plant volume calculated
using the formula p × h × r2, where
h is the plant height and r is calcu-
lated by multiplying 1=2 times the
mean of two plant diameters. This
was immediately followed by a visual
assessment of intumescence in pep-
per plants, which was noticeable un-
der some fertilizer treatments. The
intumescence incidence was mea-
sured by counting the number of
leaves with intumescence on the third
largest side-shoot from each plant and
dividing that number by the total num-
ber of leaves within the same side shoot.
Intumescence severity was also evalu-
ated on the same side shoot using a
subjective visual scale ranging from 0
to 10, where the percentage indicates
the leaf area covered by intumescence
as follows: 0 5 no intumescence; 1 5
1% to 10%; 2 5 11% to 20%; 3 5 21%
to 30%; 4 5 31% to 40%; 5 5 41% to
50%; 6 5 51% to 60%; 7 5 61%
to 70%; 85 71% to 80%; 9 5 81% to
90%; and 10 5 91% to 100%. Intu-
mescence data were collected for both
the upper and lower surfaces of each
side shoot.

Before the end of each phase,
leaf greenness was measured using
the soil plant analysis development
(SPAD) index (Expt. 1) or chlorophyl
concentration (Expt. 2). Data of fully

expanded leaves were collected using
a SPAD meter (SPAD-502; Konica
Minolta Sensing, Osaka, Japan) or a
chlorophyll meter (MC-100; Apogee
Instruments). Data were averaged based
on three measurements per leaf. Sub-
strate leachate EC and pH were mea-
sured at the end of each phase using a
portable meter (HI9813-6; Hanna In-
struments, Carrollton, TX, USA) fol-
lowing the pour-through method
(LeBude and Bilderback 2009).

During Expt. 1, tomato and pep-
per plants were first harvested on 6 Jan
2022 and 18 Jan 2022, respectively.
During Expt. 2, tomato and pepper
plants were first harvested on 15 Dec
2022 and 6 Jan 2023, respectively.
The first harvest occurred when all
plants had at least three fully mature
fruit, which was determined based on
a full transition to red. After the first
harvest, fruit were harvested weekly,
and the number of mature fruit and
fruit fresh weight (FW) were recorded
each time until the end of the experi-
ment. Three tomato fruit were ran-
domly selected from the third harvest
and sampled to determine Brix meas-
urements using a digital refractometer
(HDR-P; Thermo-Fisher Scientific,
Waltham, MA, USA).

DATA ANALYSES. Both experi-
ments used a completely randomized
design whereby each plant was consid-
ered an experimental unit. Data were
analyzed separately for each species and
experiment. Data were subjected to an
analysis of variance using statistical
software (JMP Pro version 16; SAS
Institute Inc., Cary, NC, USA), and
treatment means were compared us-
ing Tukey’s honestly significant dif-
ference test (P # 0.05).

Results and discussion
GROWTH AND QUALITY. Plants of

both species were smaller when treated
with a lower N concentration during
both the production and fruiting phases
(Tables 1 and 2). For example, during
the production phase in both experi-
ments, tomato plants that received no
fertilizer or 50 mg·L�1 N were shorter
and had a smaller GI than those treated
with 150 or 200 mg·L�1 N. However,
the height and GI of tomato plants that
received 100, 150, or 200 mg·L�1 N
were similar. During both experiments,
the shoot height and GI of pepper plants
were generally lower as the N concentra-
tion decreased.
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During the fruiting phase, both to-
mato and pepper plants in Expt. 1 that
received 0/150 or 50/50 mg·L�1 N
were shorter than those treated with
200/200 mg·L�1 N (Table 2). How-
ever, the shoot height was similar among

plants from both species treated with
$50/150mg·L�1 N. The GI of tomato
plants that received 0/150 mg·L�1 N
was approximately half that of plants
treated with 200/200 mg·L�1 N,
which also produced a GI similar to that

of plants treated with 100/100, 100/150,
or 150/150 mg·L�1 N. Similarly,
the GI of pepper plants was gener-
ally smaller as the N concentration
decreased; additionally, during both
experiments, the GI of plants treated

Table 1. Growth, plant greenness, and leachate electrical conductivity (EC) and pH measured during the production phase
of compact ‘Siam’ tomato and ‘Basket of Fire’ pepper plants grown in a greenhouse for 7 and 9 weeks, respectively, using
different fertilizer treatments in two experiments.

Nitrogen concn
(mg·L21)

Shoot ht
(cm)i

Growth index
(cm3)ii

SPAD
indexiii

Chlorophyll concn
(mmol·m22)

EC
(mS·cm21) pH

1iv 2 1 2 1 2 1 2 1 2

Tomato
0 21.9 cv 16.5 b 0.022 c 0.018 c 34.6 c 27.8 d — 1.5 c — 7.1 a
50 23.3 bc 16.8 b 0.035 b 0.020 bc 40.4 b 54.3 c 2.2 c 1.6 bc 5.9 a 7.1 a
100 25.3 abc 18.2 a 0.044 ab 0.025 ab 42.0 b 64.1 b 2.3 c 1.7 bc 5.8 a 7.0 a
150 27.0 ab 18.7 a 0.045 ab 0.029 a 42.0 b 67.1 ab 3.7 b 2.3 ab 5.6 b 7.0 a
200 27.3 a 18.8 a 0.052 a 0.030 a 47.8 a 71.0 a 5.4 a 2.6 a 5.3 c 6.8 b

Pepper
0 — 23.2 d — 0.025 d — 7.9 d — 1.6 b — 7.0 a
50 25.1 c 34.7 c 0.024 d 0.069 c 40.4 b 27.8 c 1.6 b 1.7 b 5.8 a 5.7 b
100 28.4 b 37.6 bc 0.039 c 0.104 b 40.8 b 40.6 b 1.8 b 1.8 ab 5.7 ab 5.8 b
150 30.0 ab 41.1 ab 0.048 b 0.112 ab 43.3 ab 46.4 ab 2.0 b 2.1 ab 5.7 ab 5.7 b
200 32.3 a 48.4 a 0.057 a 0.137 a 43.6 a 51.0 a 2.9 a 2.5 a 5.6 b 5.1 c

i 1 cm 5 0.3937 inches.
ii The growth index was calculated using the formula p × h × r2, where h is plant height and r is calculated by multiplying 1=2 times the mean of two canopy widths.
iii Leaf greenness was measured using a soil plant analysis development (SPAD) index and chlorophyl concentration in Expts. 1 and 2, respectively.
iv Experiment number, where 1 5 fertilizer treatments applied with every irrigation event in Gainesville, FL, USA, and 2 5 fertilizer treatments applied every other irriga-
tion event in West Lafayette, IN, USA.

v For each species, means within column followed by the same letter are not different based on Tukey’s honestly significant difference test at P # 0.05.

Table 2. Growth, plant greenness, and leachate electrical conductivity (EC) and pH measured during the fruiting phase of
compact ‘Siam’ tomato and ‘Basket of Fire’ pepper plants grown in a greenhouse for 15 and 19 weeks, respectively, using
different fertilizer treatments in two experiments.

Nitrogen concn
(mg·L21)

Shoot ht
(cm)i

Growth index
(cm3)ii

SPAD
indexiii

Chlorophyll concn
(mmol·m22)

EC
(mS·cm21) pH

1iv 2 1 2 1 2 1 2 1 2

Tomato
0/150v 23.5 bvi 35.3 cd 0.032 d 0.074 cd 51.6 a 42.6 cd 3.1 c 2.8 c 5.1 de 6.9 bc
50/50 23.3 b 23.3 e 0.042 bcd 0.048 d 37.4 c 39.6 d 1.5 e 1.3 d 6.3 a 7.8 a
50/100 24.5 ab 32.5 d 0.044 abcd 0.062 d 45.9 abc 43.7 bcd 2.1 de 2.6 c 5.9 b 7.3 b
50/150 24.0 ab 38.5 bc 0.038 cd 0.086 cd 46.2 abc 49.0 ab 3.8 bc 2.7 c 5.3 cd 7.1 b
100/100 26.7 ab 43.9 a 0.060 ab 0.128 b 44.7 abc 44.8 bcd 2.3 d 2.5 c 5.8 b 7.1 b
100/150 25.5 ab 44.2 a 0.052 abc 0.110 bc 41.9 bc 51.9 ab 4.0 d 3.4 b 5.3 cd 6.9 bc
150/150 27.7 ab 43.1 a 0.061 ab 0.170 a 42.7 bc 57.9 a 4.5 b 3.9 b 5.1 e 6.7 c
200/200 28.5 a 42.7 ab 0.065 a 0.180 a 49.4 ab 57.6 a 6.7 a 5.0 a 4.6 f 6.5 c

Pepper
0/150 — 20.8 d — 0.030 d — 34.7 b — 3.0 cd — 7.2 a
50/50 27.0 b 31.6 c 0.036 d 0.061 cd 13.8 b 8.3 e 1.1 f 2.5 d 6.2 b 7.0 b
50/100 29.8 b 31.0 c 0.057 cd 0.072 bcd 47.2 a 18.3 cd 1.6 ef 3.4 bc 6.5 a 7.1 ab
50/150 30.5 ab 34.1 bc 0.063 cd 0.086 abc 52.5 a 22.7 cd 3.5 c 3.9 b 5.9 c 7.2 a
100/100 30.7 ab 37.1 ab 0.069 cd 0.107 ab 49.4 a 14.4 de 2.1 de 3.6 b 6.4 ab 7.2 a
100/150 33.0 ab 37.0 ab 0.097 bc 0.115 ab 51.0 a 24.8 c 4.4 b 3.9 b 5.5 d 7.2 a
150/150 32.3 ab 35.2 bc 0.112 b 0.123 a 51.8 a 25.2 c 4.8 b 4.0 b 5.6 cd 7.2 a
200/200 37.2 a 41.0 a 0.163 a 0.124 a 50.8 a 55.4 a 7.0 a 5.4 a 4.9 e 7.2 a

i 1 cm 5 0.3937 inches.
ii The growth index was calculated using the formula p × h × r2, where h is plant height and r is calculated by multiplying 1=2 times the mean of two canopy widths.
iii Leaf greenness was measured using a soil plant analysis development (SPAD) index and chlorophyl concentration in Expts. 1 and 2, respectively.
iv Experiment number, where 1 5 fertilizer treatments applied with every irrigation event in Gainesville, FL, USA, and 2 5 fertilizer treatments applied every other irriga-
tion event in West Lafayette, IN, USA.

v Numbers represent the concentrations used during the production and fruiting phases, respectively.
vi For each species, means within column followed by the same letter are not different based on Tukey’s honestly significant difference test at P # 0.05.
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with 50/50 mg·L�1 N was smaller
than that of plants that received
100/150, 150/150, or 200/200
mg·L�1 N. In Expt. 2, tomato plants
that received 50/50 mg·L�1 N were
the shortest, whereas the shoot height
was similar among those treated with
100/100, 100/150, 150/150, or
200/200 mg·L�1 N. Tomato plants
that received 0/150, 50/50, 50/100,
or 50/150 mg·L�1 N also had a smaller
GI than those treated with $100/
100mg·L�1 N.

It is likely that growth differences
were not only caused by direct treat-
ment effects but also caused by indirect
changes in plant growth. Specifically,
the different N concentrations likely
had a compounding effect on growth,
particularly during the production
phase when plants mostly produced
vegetative tissues. Larger plants received
more frequent irrigation to sustain their
higher transpirational demand, which
increased the applied N concentration,
thus further increasing their growth.

Our findings are consistent with
those of others who have evaluated
the effect of fertilizer concentration
during the production of ornamental
bedding plants (Bergstrand 2022; Gao
et al. 2023). Harp and Pulatie (2008)
found that both the height and width
of ornamental white clover (Trifolium
repens) linearly decreased as the N con-
centration decreased from 300 to
0 mg·L�1. More recently, Park and
Faust (2023) reported that as the N
concentration decreased from 200, 100,
or 50 mg·L�1 to 0 mg·L�1, petunia
(Petunia ×hybridia) plants were 75%,
70%, or 57% shorter, respectively.
However, limited information describ-
ing fertilization strategies during the
production of compact fruiting vege-
tables is available (Carlson et al. 2020).
Cruz et al. (2022, 2023) reported that
the GIs of ‘Siam’ tomato and ‘Basket
of Fire’ pepper plants grown in a green-
house using 150 mg·L�1 N were
0.05 cm3 and 0.03 cm3, respectively.
These values were much lower than those
measured during our study when plants
were treated with 150/150 mg·L�1 N
(Table 1). It is plausible that the differ-
ences in the GI observed during our
study and those observed by Cruz et al.
(2022, 2023) were attributable to envi-
ronmental differences because the aver-
age DLIs in our experiments were
approximately 20% to 30% higher than
those reported in their study.

Researchers who evaluated the fer-
tilization effects on field-grown vegeta-
ble plants have also shown that reducing
the N concentration results in shorter
plants (Aminifard et al. 2012a; Prasad
et al. 2016). For example, Ayodele et al.
(2015) reported that decreasing the N
concentration from 150 to 0 mg·L�1

resulted in 33% shorter pepper plants.
Similarly, Etissa et al. (2013) reported
that reducing the N concentration from
150, 100, and 50 mg·L�1 to 0 mg·L�1

resulted in 23%, 19%, and 14% shorter
tomato plants, respectively. Although
these studies were performed in the
field using tomato and pepper culti-
vars that were different from the ones
used in our study, their findings aligned
with ours and those of others (Bergstrand
2022; Carlson et al. 2020; Gao et al.
2023; Harp and Pulatie 2008; Park and
Faust 2023), thus confirming that, in
general, decreasing the N concentration
in the fertilizer solution will help pro-
duce shorter plants.

As expected, both SPAD index
and chlorophyll concentration were
lower as N concentration decreased
during the production phase (Table 1).
For example, the SPAD index in Expt. 1
was lowest for tomato plants that received
no fertilizer and highest for those
treated with 200 mg·L�1 N. How-
ever, the SPAD index values of pepper
plants that received 50 or 100 mg·L�1

N were similar and lower than those of
plants treated with 150 or 200 mg·L�1

N. In Expt. 2, there was a general trend
of decreasing chlorophyll concentrations
with lower N concentrations applied to
plants of both species. Our findings are
similar to those of others who have
shown that decreasing N concentra-
tions will reduce the SPAD index or
chlorophyll concentration of pepper
(Aminifard et al. 2012a, 2012b), to-
mato (Li et al. 2017), and petunia
(Park and Faust 2021) plants; this
was expected because N is a key com-
ponent of chlorophyll.

Interestingly, SPAD index and
chlorophyll concentration were gener-
ally higher during the fruiting phase
in plants that received 0/150 mg·L�1

N compared to those treated with
50/50 mg·L�1 N, suggesting that the
greenness of plants can change when
fertilizer is applied during postpro-
duction (Table 2). It is plausible that
these differences were related to the
different substrate formulation used for
plants that received 0/150 mg·L�1 N.

However, in Expt. 1, tomato plants
that received $50/100 mg·L�1 N had
similar SPAD index values (range, 42 to
49). Similarly, tomato plants in Expt. 2
that received 0/150 or 50/50 mg·L�1 N
had lower chlorophyll concentrations
than those treated with 50/150, 100/150,
150/150, or 200/200 mg·L�1 N. For
pepper, the SPAD index in Expt. 1 was
more than three-times lower in plants
that received 50/50 mg·L�1 N com-
pared with that of plants in all other
treatments, which had similar values
ranging from 47 to 53. The chloro-
phyll concentration in Expt. 2 was also
lowest in pepper plants that received
50/50 mg·L�1 N, followed by that of
those treated with 100/100mg·L�1 N.

Both SPAD index and chlorophyll
concentration are typically used in bed-
ding plant production research as indi-
cators of plant esthetic quality because
of their association with plant greenness
(Ferrante et al. 2015; Wang et al. 2005;
Zhang et al. 2022). Although both pale
green and dark green plants are ac-
ceptable to consumers (Berghage and
Wolnick 2000), pale greenness caused
by nutritional deficiencies is likely to af-
fect postproduction performance, which
can negatively affect consumer satisfac-
tion (Heidari and Mohammad 2012;
Pandey and Sinha 2009). Although
pepper plants that received 0 mg·L�1 N
during the production phase were visu-
ally chlorotic and likely unmarketable,
tomato plants under the same treatment
were relatively green (data not shown).
These observations were consistent with
those of Carlson et al. (2020), who also
described a lack of chlorosis in tomato
plants grown without additional fertilizer
for 4 weeks (other than the fertilizer
starter charge already included in the
substrate). The authors suggested that
withholding fertilizer application during
the initial weeks of production can help
growers produce short, high-quality
tomato plants when using substrates
with fertilizer starter charge (Carlson
et al. 2020). As recommended by others,
applying fertilizer immediately before
the end of production can be used as
a strategy to increase the postproduction
quality of vigorous bedding plants
(Ebba et al. 2021; Park and Faust
2021). However, further studies are
needed to evaluate end-of-production
fertilization strategies for vegetable bed-
ding plants that can continue to support
growth, quality, and fruit set in the con-
sumer environment.
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During the production phase, the
leachate EC of both species tended to
increase with increasing N concentra-
tion, whereas the leachate pH gener-
ally followed the opposite trend
(Table 1). Although saucers were used
in these experiments to ensure that
fertilizer solutions would be reabsorbed
by plants, which effectively created a
zero-leaching fraction that tended to in-
crease EC (Yelanich and Biernbaum
1993), plants that received 0, 50, or
100mg·L�1 N had a leachate ECwithin
the recommended range of production
for bedding plants (1.0–2.6 mS·cm�1)
(Torres et al. 2010). However, the EC
was higher than optimal in tomato
plants in Expt. 1 treated with 150 or
200 mg·L�1 N and in pepper plants
in Expt. 2 treated with 200 mg·L�1 N.

During the fruiting phase, the leach-
ate EC of both species increased as the N
concentration increased in the fertilizer
solution but, in general, the values of
plants treated with 0/150, 50/150,
100/150, or 150/150 mg·L�1 N were
within the recommended range of 2.7
to 4.8 mS·cm�1 for established plants
(Cavins et al. 2008; Torres et al. 2010)
(Table 2). In Expt. 1, the leachate EC
was lowest in tomato that received
50/50 mg·L�1 N (1.5 mS·cm�1)
and highest in those treated with
200/200 mg·L�1 N (6.7 mS·cm�1).
However, the leachate EC in tomato
treated with 0/150 mg·L�1 N was ap-
proximately twice that measured in
plants grown with 50/50 mg·L�1 N
(3.1 vs. 1.5 mS·cm�1, respectively).
Similarly, the leachate EC in pepper
plants that received 50/50 mg·L�1 N in
Expt. 1 was only 16% of that measured
in plants treated with 200/200 mg·L�1

N. In Expt. 2, the leachate EC was low-
est in plants from both species that re-
ceived 50/50 mg·L�1 N and highest in
those treated with 100/150, 150/150,
or 200/200 mg·L�1 N. Although the
leachate EC was higher than optimal in
plants treated with 200/200 mg·L�1 N,
no visual signs of salinity stress were ev-
ident, suggesting that, up to a point,
these plants can tolerate values outside
of recommended ranges. However, con-
sidering the need to minimize produc-
tion costs, ECs that are higher than
optimal should be avoided to minimize
fertilizer waste. Providing less frequent
fertilizer applications than those used in
our study (e.g., once per week) may
help growers maintain leachate EC
closer to recommended values. In

addition, it is plausible that using
irrigation practices that enable leaching
will result in lower EC values than those
reported here.

Except for tomato in Expt. 2 and
pepper plants treated with 0 mg·L�1 N,
the leachate pH was within the recom-
mended range of production for these
compact vegetable plants (5.3–5.8)
(Leth 2022) (Table 1). During the
fruiting phase, the leachate pH tended
to decrease as the N concentration in-
creased but, in general, values in Expt. 1
were within the recommended range
of 5.4 to 6.2 (Torres et al. 2010),
except for those of plants treated
with 200/200 mg·L�1 N (Table 2).
However, the leachate pH in Expt. 2
was consistently above the recom-
mended range, which was likely at-
tributed to the high alkalinity in the
irrigation water. This also explains the
general similarities in pH among treat-
ments. Nonetheless, no visual signs sug-
gested negative pH effects on growth,
quality, or yield, likely because of the rel-
atively short crop cycle of the plants eval-
uated in our study.

FRUIT YIELD. The decreasing N
concentration in the fertilizer solution
generally resulted in a lower fruit yield

per plant (Table 3). During both ex-
periments, tomato plants that received
0/150 mg·L�1 N produced fewer
mature fruit than those treated with
200/200 mg·L�1 N, and the num-
ber of fruit harvested per plant was
also lower with decreasing N. For ex-
ample, tomato plants that received
0/150 in Expt. 1 produced 54 fruit,
which was almost half the number of
mature fruit harvested from those treated
with $100/100 mg·L�1 N. Similarly,
in both experiments, the mature fruit
FW was lowest in tomato plants that
received 0/150 mg·L�1 N, but the
highest values were measured in plants
treated with 100/100 mg·L�1 N in
Expt. 1 (754 g) or 150/150 mg·L�1 N
in Expt. 2 (638 g). The number and
FW of mature pepper fruit also de-
creased with decreasing N concentra-
tion in both experiments. For example,
plants in Expt. 1 that received 50/50
mg·L�1 N only produced 16% of the
fruit and 17% of the fruit FW compared
to those treated with 200/200mg·L�1 N.
Correspondingly, the mature fruit FW
of pepper were lowest in plants that re-
ceived 50/50 mg·L�1 N, followed by
those treated with 50/100 mg·L�1 N
(57 g and 102 g, respectively). In Expt. 2,

Table 3. Mature fruit yield of ‘Siam’ tomato and ‘Basket of fire’ pepper plants
grown in a greenhouse for 15 and 19 weeks, respectively, using different fertil-
izer treatments in two experiments.

Nitrogen concn
(mg·L21)

Mature fruit per plant

Total count (no.) Total fresh wt (g)

1i 2 1 2

Tomato
0/150ii 54.1 eiii 53.9 d 412.5 e 422.1 d
50/50 64.0 de 70.5 c 493.3 d 464.5 cd
50/100 75.0 cd 75.4 bc 594.4 c 524.1 bc
50/150 78.8 bc 84.1 abc 573.3 cd 549.5 abc
100/100 97.7 a 81.9 abc 754.4 a 566.6 ab
100/150 92.8 ab 78.3 abc 691.7 ab 592.8 ab
150/150 99.8 a 86.5 ab 688.9 ab 637.5 a
200/200 101.0 a 91.3 a 631.4 bc 614.9 ab

Pepper
0/150 — 289.0 d — 117.7 d
50/50 62.3 g 176.5 e 56.8 g 87.5 e
50/100 109.2 fg 392.3 c 101.8 fg 146.9 cd
50/150 145.5 ef 484.6 b 119.8 ef 202.9 b
100/100 192.7 de 418.4 bc 162.7 de 132.1 d
100/150 253.2 cd 471.6 bc 202.4 cd 182.0 bc
150/150 325.7 b 731.6 a 277.0 b 277.2 a
200/200 396.3 a 767.0 a 332.7 a 286.6 a

i Experiment number, where 1 5 fertilizer treatments applied with every irrigation event in Gainesville, FL,
USA, and 2 5 fertilizer treatments applied every other irrigation event in West Lafayette, IN, USA.
ii Numbers represent the concentrations used during the production and fruiting phases, respectively.
iii For each species, means within column followed by the same letter are not different based on Tukey’s honestly
significant difference test at P # 0.05.
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pepper plants that received 150/150 or
200/200 mg·L�1 N produced more
mature fruit than those in all other
treatments, and those treated with
50/50 mg·L�1 N produced the small-
est number of fruit and had the lowest
fruit FW (88 g). Mature fruit FW was
also lower in pepper plants that received
0/150 or 100/100 mg·L�1 N com-
pared with those treated with 50/150
or 100/150 mg·L�1 N.

Our results correspond with the
findings of others who have shown a
lower fruit yield in response to decreas-
ing N concentrations for both tomato
and pepper plants (Ayodele et al. 2015;
Cheng et al. 2021). When evaluating
the fertilizer concentration for tomato
production in the field, Ronga et al.
(2020) reported 22% lower fruit FW
when the N concentration decreased
from 200 to 0 mg·L�1, but yield was
only 6% lower when the N concentra-
tion decreased from 50 to 0 mg·L�1.
Aminifard et al. (2012b) also found
that as the N concentration decreased
from 150, 100, or 50 to 0 mg·L�1, the
fruit FW of pepper plants grown in
the field decreased by 11%, 27%, or
15%, respectively. For greenhouse-grown
tomato plants, Wang and Xing (2016)
reported that reducing the N concentra-
tion from 150 to 75 mg·L�1 resulted in
28% lower fruit FW. Similarly, Grasso
et al. (2022) found that decreasing the
N concentration from approximately
252 to 36 mg·L�1 during greenhouse
production of pepper plants resulted in
59% lower fruit FW. Overall, our find-
ings showed that the N concentration
during production will impact yield
during postproduction.

Surprisingly, there were no treat-
ment differences for the Brix of tomato
fruit, with values ranging from 3.2 to
3.8 �Brix in the two experiments (data
not shown). Our results were similar to
those of others who have reported min-
imal effects on the sugar content of to-
mato fruit when comparing different N
concentrations (Di Cesare et al. 2010;
Ronga et al. 2020). However, some
studies have shown that increasing EC
in the fertilizer solution can help in-
crease the sugar content in greenhouse-
grown tomatoes (Kubota et al. 2012;
Saito et al. 2008). Because the sugar
content in tomato fruit can be influ-
enced by a variety of factors, including
fruit size and overall plant yield (Klann
et al. 1996), it is plausible that our find-
ings are attributed to the limited yield of

the compact plants used in our study,
which were determinate cultivars with
genetically defined yield potential. In
contrast, studies that reported the posi-
tive effects of high EC in tomato fruit
have used indeterminate cultivars for
commercial production, which tend to
produce significantly higher yields for ex-
tended periods of time.

INTUMESCENCE IN PEPPER PLANTS.
Intumescence is a cultivar-specific physi-
ological disorder that causes tumor-like
lesions on the surface of susceptible
plants (Williams et al. 2016). This dis-
order has been widely documented in
tomato, but only a few studies have re-
ported injury on pepper plants (Cruz
et al. 2023; Massa et al. 2008; Savvas
et al. 2008). Although intumescence
may not always affect growth or yield, it
can reduce the esthetic quality of plants,
which is a significant problem during
vegetable bedding plant production. In
both experiments, the intumescence se-
verity and incidence tended to increase
in pepper plants treated with higher N
concentrations, suggesting that fertilizer
application affects development of the
disorder (Table 4). However, both vari-
ables were differently affected during
the two experiments.

During the production phase in
Expt. 1, the incidence on the upper
leaf surface increased from 1% to 86%
as the N concentration increased from
50 to 200 mg·L�1, but no intumes-
cence was measured on the lower leaf
surface (Table 4). Additionally, sever-
ity was highest in plants that received
200 mg·L�1 N (3.1), but it was simi-
larly low in plants from all other treat-
ments (range, 0.0 to 0.5). In Expt. 2,
there was no intumescence on the up-
per leaf surface of plants during the
production phase, but both the inci-
dence and severity on the lower leaf
surface tended to increase as the N
concentration increased from 0 to
200 mg·L�1 N. During the fruiting
phase, plants in Expt. 1 that received
50/50 mg·L�1 N had no intumescence
on either leaf side, and those treated
with 100/100 mg·L�1 N had a lower
incidence (11%) on the upper leaf surface
compared to plants treated with 50/150,
150/150, or 200/200 mg·L�1 N
(40%, 43%, or 64%, respectively). The
incidence on the lower leaf surface was
highest in pepper plants that received
200/200 mg·L�1 N (60%), but it was
similar among those in all other treatments.
Furthermore, intumescence severity was

generally low during the fruiting phase,
but scores were generally higher in
plants treated with 200/200 mg·L�1 N.
During the fruiting phase in Expt. 2, the
incidence on the upper leaf surface gener-
ally increased as N increased. For ex-
ample, the incidence of plants treated
with 50/50 mg·L�1 N was only 24%,
whereas that of plants that received
200/200 mg·L�1 N was 87%. How-
ever, the incidence on the lower leaf
surface was lowest in plants treated
with 50/50 or 100/100 mg·L�1 N,
but it was similarly high in plants from all
other treatments (range, 81% to 100%).
Intumescence severity on both leaf surfa-
ces of plants in Expt. 2 was highest under
200/200 mg·L�1 N, followed by that of
those that received 150/150 mg·L�1 N.
The severity of plants treated with
0/150 mg·L�1 N was lowest on the
upper leaf surface, but it was the third
highest on the lower leaf surface.

Studies have shown that Ca can
affect intumescence development in
plants like potato (Solanum tuberosum)
(Schabow and Palta 2019), cuphea
(Cuphea hyssopifolia) (Craver et al. 2014),
sweetpotato (Ipomoea batatas) (Craver
et al. 2014), and tomato (Sita et al.
2023). To our knowledge, this is the
first study to show differences in intu-
mescence in response to the N concen-
tration. The mechanisms that affect the
development of the disorder remain un-
clear; however, Suarez et al. (2023)
postulated that plants affected by intu-
mescence accumulate calcium oxalate
crystals, which limit the availability of
Ca for proper cell wall structure and tis-
sue development. Because N can pro-
mote oxalate biosynthesis (Xing et al.
2024), it is plausible that increasing N
in the fertilizer solution further increases
the accumulation of calcium oxalate
crystals in susceptible plants, thus mak-
ing them more prone to developing in-
tumescence injury.

The different greenhouse glazing
materials and their corresponding trans-
mission of ultraviolet radiation are likely
responsible for the variation in intumes-
cence response measured in our two
experiments. As shown by others, a
lack of ultraviolet radiation in controlled
environments is a common cause of in-
tumescence development (Craver et al.
2014; Eguchi et al. 2016; Kubota et al.
2017). The greenhouse used in Expt. 1
had polycarbonate glazing, which has
ultraviolet transmission values ranging
from approximately 20% to 50% (Both
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2002). In contrast, plants in Expt. 2
were grown in a glass-glazed green-
house with ultraviolet transmission of
approximately 70% (Both 2002; Runkle
2020). Furthermore, Expt. 1 was located
in Florida, which has a higher average
ultraviolet index than that of Indiana,
where Expt. 2 was performed (US En-
vironmental Protection Agency 2024).
Our findings correspond with those of
others who showed that the growing
environment plays a crucial role during
intumescence development and demon-
strated that N concentration in the
fertilizer solution can affect both the
incidence and severity of the disorder
in pepper plants.

Conclusion
Growth and yield followed similar

trends between the two experiments
and generally showed that tomato and
pepper plants that received a lower N
concentration during both production
and fruiting phases tended to be shorter,
had a smaller GI, and produced a lower
fruit yield than those treated with higher
N. Plant greenness, measured as either
SPAD index or chlorophyll concentration,

was generally lower in plants that re-
ceived a lower N concentration during
the production phases and maintained a
similar pattern in the fruiting phases.
However, at the end of both experi-
ments, the greenness of plants that re-
ceived 0/150 mg·L�1 N tended to be
higher than that of those treated with
50/50 mg·L�1 N, suggesting that pro-
viding a higher N during postproduction
can help improve quality when lower
N concentrations are used during pro-
duction. Fruit yield was generally lowest
in plants from both species treated with
either 0/150 or 50/50 mg·L�1 N; in
general, tomato plants treated with
$100/100 mg·L�1 N had a similar
fruit yield. However, the yield of pepper
plants tended to increase with higher N
concentration during both the produc-
tion and fruiting phases. Intumescence
of pepper plants also increased with
higher N concentration, but there were
different responses between the two
experiments, suggesting that the grow-
ing environment plays a role during de-
velopment of the disorder. Overall, our
findings showed that reducing the ini-
tial N concentration during production

has the potential to help greenhouse
growers produce smaller vegetable bed-
ding plants but also negatively affects
growth, quality, and yield during the
postproduction and fruiting phases.
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Table 4. Intumescence incidence and severity of ‘Basket of Fire’ pepper plants
grown in a greenhouse after 9 (production phase) or 19 (fruiting phase) weeks
using different fertilizer treatments in two experiments.

Nitrogen concn
(mg·L21)

Upper
incidence (%)i,ii

Lower
incidence (%)

Upper severity
(1–10)iii

Lower severity
(1–10)

1iv 2 1 2 1 2 1 2

Production phase
0 — — — 7 d — — — 0.5 c
50 1 cvi — — 43 b 0.0 b — — 1.2 c
100 16 bc — — 63 ab 0.4 b — — 3.2 b
150 25 b — — 66 ab 0.5 b — — 5.4 a
200 86 a — — 73 a 3.1 a — — 4.6 a

Fruiting phase
0/150v — 33 de — 91 a — 1.5 e — 5.5 bc
50/50 0 e 24 e 0 c 50 b 0.0 c 1.4 e 0.0 c 2.1 d
50/100 24 bcd 46 bcd 30 b 83 a 0.5 bc 3.0 cd 0.1 bc 4.5 c
50/150 40 ab 43 cd 50 b 86 a 0.8 b 3.7 c 0.4 abc 4.4 c
100/100 11 cd 48 bc 50 b 52 b 0.5 bc 2.3 d 0.1 bc 4.1 c
100/150 31 bc 58 b 50 b 81 a 0.7 b 2.7 d 0.4 abc 4.6 c
150/150 43 ab 82 a 50 b 83 a 0.7 b 5.6 b 0.5 ab 6.8 b
200/200 64 a 87 a 60 a 100 a 1.7 a 7.0 a 0.7 a 8.5 a

i Incidence was calculated by counting the number of leaves with intumescence and dividing that number by
the total number of leaves counted on a main branch.
ii Upper and lower refer to the leaf surface evaluated.
iii Severity score whereby the percentage indicates the leaf area covered by intumescence: 0 5 no intumescence;
1 5 1% to 10%; 2 5 11% to 20%; 3 5 21% to 30%; 4 5 31% to 40%; 5 5 41% to 50%; 6 5 51% to 60%;
7 5 61% to 70%; 8 5 71% to 80%; 9 5 81% to 90%; and 10 5 91% to 100%.

iv Experiment number, where 1 5 fertilizer treatments applied with every irrigation event in Gainesville, FL,
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