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SUMMARY. Although grower interest in high tunnel tomato (Solanum lycopersicum)
production has increased in recent years, systematic high tunnel research conducted
in humid, subtropical regions has been limited. The potential of tomato grafting to
mitigate biotic and abiotic stresses makes it complementary to high-value pro-
duction systems in high tunnels. In this 2-year study, grafted vs. nongrafted organic
tomato production in high tunnels and open fields was investigated to determine
possible synergistic effects of these two technologies. In 2016, high tunnels resulted
in a significant increase of total andmarketable yields, by 43% and 87%, respectively,
over open field production. Grafting also significantly increased total and mar-
ketable yields over nongrafted plants by 34% and 42%, respectively. Cultivar ef-
fects demonstrated greater benefits with the implementation of high tunnel and
grafting technologies for ‘Tribute’ (a beefsteak-type tomato) than for ‘Garden
Gem’ (a plum-type tomato), as the increase inmarketable yield was 33% greater for
‘Tribute’ in high tunnels and 45% greater for ‘Tribute’ with grafting. In 2017,
a delayed effective transplanting date and the lack of high tunnel summer season
extension produced results that were generally cultivar specific. While grafting
increased the total yield of both cultivars (by 18%), marketable yield was increased
by grafting only for ‘Tribute’ in high tunnels (by 42%). Additionally, high tunnels
improved marketable yield of ‘Tribute’ by 129% but had no effect on ‘Garden
Gem’. This demonstrated the consistent trend of the beefsteak-type tomato
benefiting more from the combination of high tunnel and grafting technologies
than the plum-type tomato. High tunnels reduced fruit decay and cracking by up
to 71% compared with open field production. Stink bug (Pentatomidae) damage
had the greatest impact onmarketable yields each season, reaching 13% and 34% of
total yields in 2016 and 2017, respectively, and was unaffected by high tunnel
production or grafting. This study revealed the benefits of integrating high tunnel
and grafting technologies for enhancing organic production of fresh-market to-
mato in the humid subtropics, and demonstrated more research is warranted to
establish regional planting dates and further optimize this high-value cropping
system.

C
onventional tomato (Solanum
lycopersicum) production in
the United States has declined

in recent years while growth of or-
ganic production has increased rap-
idly [U.S. Department of Agriculture
(USDA), 2008, 2016, 2017]. U.S.

organic tomato sales rank second for
organic vegetables, and Florida is the
second largest producer in the coun-
try (USDA, 2017). The direct mar-
keting sector has also grown rapidly,
with 45% ofU.S. organic farms selling
directly to consumers, and over 60%
in Florida (USDA, 2015a, 2015b).
Yet productivity is a challenge for
organic growers, and yield of organic
tomato is estimated to be 20% less
than conventional yields overall (Seu-
fert et al., 2012).

Tomato production limitations
in the humid subtropics are greater
than in other regions due to frequent
rainfall, prolonged dews, temperature
extremes, and severe temperature
fluxes (Frey et al., 2020; McAvoy
and Ozores-Hampton, 2007). Insect
and disease incidence may also be
prolonged and severe because mod-
erate winter temperatures may not
initiate diapause for some pests or
survival structures for some pathogens.
High tunnel and grafting technologies
may benefit both conventional and
organic tomato growers in mitigating
these biotic and abiotic factors and
achieving high-quality fresh market to-
mato production in the subtropics. The
beneficial impact may be greater for
organic production systems for which
management tools tend to be more
limited and the effectiveness and lon-
gevity may be reduced.

Polyethylene-covered high tun-
nel structures, also called hoop
houses, can offer a moderate level of
environmental protection in crop
production and facilitate season ex-
tension (Lamont, 2005, 2009). To-
mato is the most commonly grown
crop in high tunnels worldwide
(Carey et al., 2009; Janke et al.,
2017; Lamont, 2009). High tunnel
adoption by Florida growers for hor-
ticultural crop production has in-
creased dramatically since 2001 (Frey
et al., 2020; Hochmuth and Toro,
2014), while high tunnel vegetable
crop research in Florida is limited.

Units
To convert U.S. to SI,
multiply by U.S. unit SI unit

To convert SI to U.S.,
multiply by

0.3048 ft m 3.2808
2.54 inch(es) cm 0.3937

25.4 inch(es) mm 0.0394
0.4536 lb kg 2.2046
1.1209 lb/acre kg�ha–1 0.8922

28.3495 oz g 0.0353
(�F – 32) O 1.8 �F �C (�C · 1.8) + 32
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Although reduction of leaf wet-
ness and extension of harvest season
may be the most significant benefits
of high tunnels in the subtropics, high
tunnels can also moderate drastic
temperature fluctuations and crop-
limiting temperature extremes, thus
reducing crop stress and increasing
productivity (Frey et al., 2020; Jayalath
et al., 2017; Rogers and Wszelaki,
2012). Biotic stress reduction has
been reported in high tunnel tomato
production, including foliar diseases
such as early blight (Alternaria solani)
and bacterial speck (Pseudomonas
syringae pv. tomato), as well as some
insect pests (Antignus et al., 1996;
Healy et al., 2017; O’Connell et al.,
2012; Waiganjo et al., 2013). The
use of ultraviolet-absorbing plastics
and the resultant rainwater protection
may reduce the degradation or re-
moval of pesticide residues and reduce
nutrient leaching, increasing the pesti-
cide efficacy and nutrient efficiency
of the growing system (Leach et al.,
2017).

High tunnel abiotic and biotic
stress amelioration may improve to-
mato plant growth characteristics, in-
cluding fruit size and number, and
total and marketable yields (Carey
et al., 2009; Healy et al., 2017;
O’Connell et al., 2012). Enhanced
aesthetic appeal of high tunnel toma-
toes compared with open field fruit,
including improved color and color
uniformity, has also been reported
(Talavera-Bianchi et al., 2010). These
effects, along with season extension,
may result in higher premium prices,
particularly for direct market growers,
while reducing the risk of losses
compared with open field condi-
tions (Blomgren and Frisch, 2007;
O’Connell et al., 2012). Although sub-
stantial information is available from
high tunnel trials in temperate regions,
systematic research of high tunnel pro-
duction is scarce in subtropical growing
systems, where conducive environ-
ments lead to persistent disease and
pest problems.

Grafting as a management tool
has been increasingly used in tomato
production in the United States, of-
ten targeting the suppression of dis-
eases caused by soilborne pathogens
such as Fusarium sp. and root-knot
nematodes [RKN (Meloidogyne sp.)],
which are widespread in the subtrop-
ics (Frey et al., 2020; Guan et al.,
2012; King et al., 2008). Tomato

grafting has the potential to increase
crop vigor, as measured by an increase
in stem diameter, leaf area, and above-
and below-ground biomass ( €Oztekin
and Tüzel, 2017; Rahmatian et al.,
2014). Tomato marketable and total
yields, as well as average fruit weight,
may increase compared with fruit
from nongrafted plants (Barrett
et al., 2012; Djidonou et al., 2013;
Rahmatian et al., 2014; Rivard et al.,
2012; Savvas et al., 2010). With appro-
priate rootstock selection, grafting may
improve water- and nitrogen-use ef-
ficiency, enhance salinity tolerance,
and reduce blossom end rot (BER),
the most common preharvest tomato
physiological disorder (Di Gioia et al.,
2013; Djidonou et al., 2013; Fan
et al., 2011; Krumbein and Schwarz,
2013). Although tomato grafting
could potentially address many chal-
lenges faced by tomato growers in the
subtropics, the high cost associated
with the use of grafted plants de-
mands production systems that max-
imize grafting benefits, such as by
extending the harvest season and
ameliorating detrimental microcli-
mate effects.

This studywas therefore designed
to compare grafted and nongrafted
organic tomato production in side-
by-side open-field and high-tunnel
systems. The objectives of this study
were to determine high tunnel and
grafting effects on plant growth char-
acteristics and yield performance, in-
cluding total and marketable yield
components, and the characteristics
that lead to unmarketability.

Materials and methods

PLANT MATERIAL. Organic to-
mato trials were carried out in the
Spring seasons of 2016 and 2017 on
USDA-certified organic land at the
University of Florida Plant Science
Research andEducationUnit (PSREU)
in Citra. ‘Tribute’ (Sakata Seed Amer-
ica, Morgan Hill, CA) and ‘Garden
Gem’ (H.J. Klee, University of Florida,
Gainesville) were used as tomato scions,
with ‘Multifort’ (Paramount Seeds,
Inc., Stuart, FL) as the rootstock. ‘Trib-
ute’ is a hybrid determinate, round,
slicing tomato with good heat-set abil-
ity and high resistance to alternaria stem
canker (Alternaria alternata f. sp. lyco-
persici), fusarium wilt (Fusarium oxy-
sporum f. sp. lycopersici race 1 and 2),
and verticillium wilt (Verticillium
dahliae race 1), and intermediate

resistance to gray leaf spot (Stemphy-
lium solani, Stemphylium lycopersici),
Tomato spotted wilt virus (TSWV),
and Tomato yellow leaf curl virus
(TYLCV). ‘GardenGem’ is a semideter-
minate, plum-type hybrid tomato that
was bred for a flavor profile comparable
to heirloom tomatoes (Zhu et al.,
2017). ‘Multifort’ is a vigorous, inter-
specific hybrid tomato (S. lycopersicum ·
Solanum habrochaites) rootstock that
provides high resistance to fusariumwilt
and RKN. ‘Tribute’, ‘Garden Gem’,
and ‘Multifort’ were seeded on 26 Jan.
2016 and 27 Jan. 2017 in the green-
house, and seedlings were grafted on 18
Feb. 2016 and 23 Feb. 2017 using the
splice method as described by Frey et al.
(2020).

FIELD EXPERIMENTS. The soil
texture at the field site consisted of
96.8% sand, 2% clay, and 1.2% silt.
Field preparation, including compost
application, tillage, bed formation,
and preplant organic fertilizer appli-
cation, was described in detail by Frey
et al. (2020). Briefly, composted cow
manure and organic fertilizer were
applied to raised beds before planting.
Fertilizer application rates were de-
termined based on preplant soil test
results, crop needs (Liu et al., 2016),
and estimated seasonal nutrient avail-
ability of the compost and organic
fertilizers used. Average total season
applications of nitrogen (N), phos-
phorous (P), and potassium (K) from
compost and fertilizer applications
were 210.2, 25.4, and 195.3 lb/acre,
respectively (Frey et al., 2020).

A split-split plot design with
three replications was used as de-
scribed by Frey et al. (2020). The
whole plots included three, single-bay
high tunnels, measuring 48 ft
(length) · 24 ft (width), and corre-
sponding side-by-side open field
plots. The whole plots were randomly
arranged in three blocks with 24-ft
spacing between high tunnels and
field plots, sufficient to avoid shading
effects. Subplots consisted of ‘Garden
Gem’ and ‘Tribute’ and sub-subplots
included grafted and nongrafted
plants. Each sub-subplot consisted
of 28 plants across four beds, with
one row per bed and plants spaced at
1.5 ft within each bed and bed centers
spaced at 6 ft. Seedlings of nongrafted
and grafted ‘Tribute’ and ‘Garden
Gem’ were transplanted into raised
beds in a north-south orientation
on 9 Mar. in both seasons and the
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tomato beds were hay-mulched after
transplanting. A freeze event and her-
bicide contamination of compost ne-
cessitated a large amount of replanting
during the first two weeks of the 2017
growing season, and the effective
transplanting date for the 2017 season
was therefore considered to be 23
Mar. (Frey et al., 2020). The compost
herbicide contamination was deter-
mined to be aminopyralid, which has
a half-life in soil of 34.5 d (Shaner,
2014). While plant symptom recovery
occurred within 2 to 3 weeks of ap-
pearance, it is unknown what effect
this might have had on plant growth.
Symptom incidence was greater in the
high tunnel than in the open field.

For early season growth, high
tunnel sides were kept closed. Tunnel
endswere closedwhen air temperatures
were <50 �F, and all sides remained
open when air temperatures were >80
�F. For late-season growth, shadecloth
(Aluminet I 40% Greenhouse Shade-
cloth; Green-Tek, Inc., Dinuba, CA)
was applied to the high tunnels as daily
high temperatures in the open field
were sustained above 90 �F (2 May
2016 and 17Apr. 2017). The effects of
high tunnel management on microcli-
mate conditions were reported by Frey
et al. (2020).

Plants were fertigated weekly
with Aqua Power 5N–0.4P–0.8K liq-
uid fish fertilizer (JH Biotech, Inc.,
Ventura, CA) and Big-K 0N–0P–
41.5K sulfate of potash (JH Biotech,
Inc.) through the drip irrigation sys-
tem at an adjustable rate based on
plant stage (Frey et al., 2020; Liu
et al., 2016). Tomatoes were trellised
using the common, commercial Flor-
ida stake and weave method (Thaxton
and Hochmuth, 2015).

PEST AND DISEASE MANAGEMENT.
Weekly field scouting was conducted
to determine pesticide and fungi-
cide applications and insect and tis-
sue sampling was performed for
diagnosis. Disease management prac-
tices and assessment of foliar diseases
and RKN were detailed in Frey
et al. (2020). Spinosad (Entrust SC
Naturalyte Insect Control; Dow
AgroSciences, Indianapolis, IN), Ba-
cillus thuringiensis ssp. kurstaki
strain ABTS-351 (DiPel DF Biologi-
cal Insecticide; Valent BioSciences,
Libertyville, IL), Chromobacterium
subtsugae strain PRAA4-1T (Grand-
evo; Marrone Bio Innovations, Davis,
CA), and pyrethrins (PyGanic Crop

Protection EC 5.0II; McLaughlin
Gormley King Company, Minneapo-
lis, MN) were used at labeled rates in
rotation once or twice a week for pest
management based on field scouting
results.

Stink bugs have increasingly be-
come a major pest in organic tomato
production, as organic insecticides are
largely ineffective (Kamminga et al.,
2009; Morehead and Kuhar, 2017).
In attempts to reduce stink bug pop-
ulations in the tomato cash crop,
sunflower (Helianthus annuus), sor-
ghum (Sorghum bicolor), pearl millet
(Pennisetum glaucum), and buck-
wheat (Fagopyrum esculentum) were
used as trap crops in an intercropping
system outside of the high tunnel and
open field plots (Frey, 2018). To
increase stink bug predator and para-
sitoid populations within tomato
plots, sweet alyssum (Lobularia mar-
itima) was used as a refuge crop. The
effectiveness of these crops in their
respective roles was reported by Gor-
don (2016).

PLANT GROWTH MEASUREMENTS.
Stem diameter and plant height were
measured throughout the growing
season, while aboveground biomass
was sampled after the final harvest (13
July 2016 and 7 July 2017). Four
representative plants from each sub-
subplot were chosen one month after
transplanting for stem diameter and
height measurements, and these same
plants were used for aboveground
biomass measurement after the final
harvest. Tomato stem diameter was
measured with a digital caliper at 3 cm
aboveground level, assuring the mea-
surement was taken above the graft-
ing union for grafted plants. Tomato
height was measured from ground
level to the highest growing tip. In
2016, plant biometric parameters
were measured on 1, 15, and 29
Apr., and 13 and 26 May for open
field and high tunnel plots (23, 37,
51, 65, and 78 d after transplanting,
respectively), while high tunnel mea-
surements continued after the open
field final harvest with additional mea-
surements on 13 and 29 June (96 and
112 d after transplanting, respec-
tively). In 2017, plant biometric mea-
surements took place on 14 and 28
Apr., 26 May, and 23 June (22, 36,
64, and 92 d after the effective trans-
planting date).

Plant height and stem diameter
measurements were reported as area

under the plant height progress curve
(AUPHPC) and area under the stem
diameter progress curve (AUSDPC),
respectively. The area under the growth
progress curve (e.g., using plant height
as a plant growth parameter) was anal-
ogous to the area under the disease
progress curve (Fernandes et al., 2018).
Results were presented in this manner
to quantify not simply the height,
but the height as a function of time,
as early season vigor not only affects
plant biological processes at the time
of measurement, but also has a cu-
mulative effect. The areas under
the plant height and stem diameter
progress curves (AUPHPC and
AUSDPC, respectively) were calcu-
lated as follows:

AU PC =
Xn

i =1

ðxi + xi–1Þ
2

· ðti – ti–1Þ;

where xi = height or stem diameter
measurement at ith observation; ti =
time at ith observation; n = number of
observations. In this study, i = 0 was
the initial transplanting date, and
a relative height and stem diameter
of 0 was used for all treatments. This
was because any differences at the
transplanting stage were considered
to be negligible.

TOMATO YIELD MEASUREMENTS.
Fruit were harvested twice each week
at pink, light red, and red ripeness
stages, as these are the stages targeted
by direct-market growers. In 2016,
harvest commenced on 29 Apr. and
finished on 14 June and 6 July for the
open field and high tunnel produc-
tion systems, respectively. In 2017,
harvest commenced on 18 May and
finished on 3 July and 7 July for
the open field and high tunnel pro-
duction systems, respectively. For
‘Tribute’, the USDA tomato color
classification standards were used to
determine ripeness stage (USDA,
1991). For ‘Garden Gem’, a ripeness
stage chart was developed for this
research as this unique tomato culti-
var does not ripen from blossom end
to stem end but instead ripens uni-
formly across the entire fruit (Frey,
2018). All fruit were weighed and
counted at each harvest. Marketable
yield was determined by grading har-
vested fruit based on the following
categories: marketable, decay, crack-
ing, sunscald, BER, yellow shoulder
disorder (YSD), stink bug damage,
caterpillar (Lepidoptera) damage, and
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‘‘other defects’’ (including small fruit,
fruit that were grossly misshapen, or
fruit with virus symptoms). In 2017,
a separate undersized category was
added (whereas in 2016 undersized
was included in the ‘‘other defects’’
category). This category was desig-
nated for fruit that had no other
defects, and was used for ‘Tribute’
fruit less than 125 g and ‘Garden
Gem’ fruit less than 35 g. Fruit were
assigned to a single unmarketable
category in 2016 based on the pre-
dominant characteristic that made it
unmarketable, while in 2017, proce-
dures were adjusted to enable a single
fruit to be assigned to as many cate-
gories as would, on their own, make
the fruit unmarketable. This change
only affected fruit categorized as un-
marketable due to stink bug damage.
Total yield was calculated as the sum
of marketable and unmarketable fruit
yield on a per plant basis. In 2016,
marketable yield was determined on
a per plant basis by grading all fruit
harvested from every plant in each
sub-subplot (four beds), whereas in
2017, subsamples of two beds in each
sub-subplot were used to reduce la-
bor requirements of fruit grading.
Total yield was still measured for the
entire sub-subplot and marketable
yield per plant was then calculated
for each treatment based on the per-
centage of marketable fruit from the
harvest units. The average marketable
fruit weight was calculated by divid-
ing the marketable yield by the num-
ber of marketable fruit.

STATISTICAL ANALYSES.Given the
different growing conditions between
the two seasons, data analyses were
performed for each season separately,
following a linear mixed model using
the GLIMMIX procedure of SAS
(version 9.4; SAS Institute, Cary,
NC). Normality, homogeneity of var-
iances, and linearity were tested, and
data were transformed logarithmi-
cally when needed. All results were
presented with the original data.Mul-
tiple comparisons among different
treatments were conducted using
Fisher’s least significant difference
test (a = 0.05).

Results and discussion

P L A N T B I O M E T R I C

MEASUREMENTS. High tunnel and
grafting increased AUPHPC in
2016 by 93.0% and 7.0%, respectively
(Fig. 1A). Although no significant

Fig. 1. Area under the plant height progress curve (AUPHPC), area under the
stem diameter progress curve (AUSDPC), and end-of-season aboveground
biomass as affected by production system and grafting in Spring 2016 and 2017
seasons in Citra, FL (HT = high tunnel, OF = open field, G = grafted, NG =
nongrafted). Treatment analyses were separated by season, and letters that are the
samewithin a season indicate the treatments are not significantly differentP£ 0.05
according to Fisher’s least significant difference test. (A) AUPHPC as affected by
production system and grafting. (B) AUSDPC as affected production system and
grafting. (C) Aboveground biomass as affected by production system and
grafting; 1 cm = 0.3937 inch, 1 mm = 0.0394 inch, 1 g = 0.0353 oz.
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differences were found among treat-
ments in 2017, increases by high
tunnels, ‘Garden Gem’, and grafting
were trending with probability values
of 0.095, 0.078, and 0.074, respec-
tively (Table 1), resulting in relative
AUPHPC increases of 7.2%, 4.8%,
and 3.9%, respectively. High tunnels
and grafting also significantly in-
creased AUPHPC at the end of the
2016 open field season, by 11.6% and
4.8%, respectively (data not shown).
This corresponds much more closely
with the increases identified in 2017.
The magnitude of production system
differences was greater than the mag-
nitude of grafting differences in both
seasons, indicating high tunnels had
a greater impact on plant height than
grafting. Significant increases in plant
height in high tunnel vs. open field
comparisons have also been previ-
ously reported (Rogers and Wszelaki,
2012), although this may not be due
to an increase in plant vigor but rather
the shading effect of the high tunnels.

The AUSDPCmeasurements in-
dicated significant effects of produc-
tion system, cultivar, and grafting in
both seasons (Table 1). High tunnels
increased AUSDPC by 66.7% over
open field production in 2016 (Fig.
1B), yet no significant difference at
the end of the open field production
season (data not shown) indicated
that the end-of-season results were
exclusively dependent on the season
extension achieved by the high tunnel
system. In 2017, the AUSDPC in the

high tunnels was 6.4% lower than in
the open field, possibly due to the late
crop establishment and herbicide is-
sues previously mentioned. Grafting
increased AUSDPC by 12.2% and
9.3% in 2016 and 2017, respectively,
which is consistent with previous re-
ports on stem diameter measure-
ments ( €Oztekin and Tüzel, 2017;
Rahmatian et al., 2014), indicating
the impact of vigorous rootstocks on
stem diameter. Significant cultivar
and grafting effects on AUSDPC
values were also observed at the end
of the open field season in 2016,
confirming that the results were treat-
ment effects and not dependent upon
season extension.

High tunnel aboveground bio-
mass (dry weight) was 126% greater
than in the open field at the end of the
2016 season (Fig. 1C), primarily due
to extensive defoliation from foliar
disease (early blight) in the open field
(Frey et al., 2020). However, there
was a lack of production system dif-
ference in 2017 (Table 1), possibly
owing to the lower foliar disease
severity that year. Cultivar differences
only occurred in 2017, when ‘Garden
Gem’ aboveground biomass was
12.4% greater than ‘Tribute’. Graft-
ing increased aboveground biomass
by 41.5% and 22.5% in 2016 and
2017, respectively. The biomass in-
crease in grafted plants is consistent
with previous findings, in which vig-
orous interspecific hybrid tomato
rootstocks were used to promote

plant growth (Barrett et al., 2012;
Rahmatian et al., 2014).

In this study, the increase of
plant height, stem diameter, and
aboveground biomass illustrated the
increase of plant vigor induced by
grafting onto ‘Multifort’, which was
more consistent than scion cultivar
and production system effects. The
results can likely be attributed to
a combination of the increased vigor
from using the interspecific hybrid
rootstock and the significant decrease
in RKN soil population counts and
root galling incidence and severity
with grafted plants (Frey et al., 2020).

TOTAL YIELD. Treatment effects
on tomato yield varied with produc-
tion seasons, which differed in envi-
ronmental conditions and foliar
disease severity (Frey et al., 2020).
The 2016 high tunnel and open field
harvest season lengths differed by
22 d (concluding 119 vs. 97 d after
transplanting, respectively) due to
early rains and the resulting high
disease severity in the open field,
while the 2017 high tunnel and open
field harvests ended within 4 d of one
another (106 vs. 102 d after the
effective transplanting date) as open
field disease severity was relatively low
(Frey et al., 2020).

High tunnel yield was greater
than open field yield in 2016 (Fig.
2A), at 5.88 and 4.11 kg per plant,
respectively, yet in 2017 the yields
were not significantly different. The
total number of fruit per plant
reflected this trend (Fig. 2B), with
higher fruit counts in the high tunnel
system than the open field in 2016
(89.3 and 61.8 fruit per plant, re-
spectively, averaged over two culti-
vars), yet no significant differences
being found in 2017 (at 80.6 and
83.9 fruit per plant, respectively,
averaged over two cultivars). High
tunnel effects on yield were congru-
ent with plant biometric results,
which is expected, as protected to-
mato yield predictive models using
tomato plant biomass have been de-
veloped due to the impact of plant
biomass on photosynthetic rate and
resultant productivity (Chen et al.,
2012). The primary factor affecting
yield in the present study was the
impact of disease severity on season
extension. Studies by Healy et al.
(2017) also showed that in seasons
of high disease severity, disease re-
duction by high tunnels minimizes

Table 1. Effects of production system, grafting, and tomato cultivar on plant
growth measurements.

AUPHPCy AUSDPCx
Aboveground

biomassw

Factorz 2016v 2017 2016v 2017 2016 2017

PS *** 0.095 *** *** ** NS

C NS 0.078 * *** NS *
G ** 0.074 *** *** *** ***
PS · C NS NS NS NS NS NS

PS · G NS NS NS NS NS NS

C · G NS NS NS NS NS NS

PS · C · G NS NS NS NS NS NS

zPS = production system (i.e., high tunnel vs. open field), C = cultivar, G = grafting. NS, *, **, ***Nonsignificant or
significant at P £ 0.05, 0.01, or 0.001, respectively. Actual probability values are given if P £ 0.10 to show data
trends.
yAUPHPC = area under the plant height progress curve (centimeters · days). In 2016, measurements occurred on
1, 15, and 29 Apr. and 13 and 26 May for open field and high tunnel plots, whereas high tunnel measurements
continued after the open field final harvest with additional measurements on 13 and 29 June. In 2017,
measurements occurred on 14 and 28 Apr., 26 May, and 23 June.
xAUSDPC = area under the stem diameter progress curve (millimeters · days). In 2016, measurements occurred
on 1, 15, and 29 Apr. and 13 and 26 May for open field and high tunnel plots, while high tunnel measurements
continued after the open field final harvest with additional measurements on 13 and 29 June. In 2017,
measurements occurred on 14 and 28 Apr., 26 May, and 23 June.
wAboveground biomass was measured as dry weight per plant and occurred on 13 July 2016 and 7 July 2017.
vData were logarithmically transformed to satisfy statistical assumptions.
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disease effects on plant productivity
and therefore increases yields. Yet in
seasons with low disease severity, in-
creases in high tunnel yields were
primarily due to season extension,
not relative increases in plant
productivity.

Grafting significantly increased
total yield by 34.3% and 18.2% in
2016 and 2017, respectively. Graft-
ing also increased the total number of
fruit per plant in both seasons, by
26.8% and 7.7% in 2016 and 2017,
respectively, although the latter was
not significantly different (Table 2).
Grafting effects on yield were also
consistent with plant biometric re-
sults, and the potential increase in
total yield and total fruit number
with appropriate rootstock/scion
selection has been widely reported
(Djidonou et al., 2013; Rahmatian
et al., 2014; Rivard et al., 2010;
Turhan et al., 2011).

While not significantly different,
2016 ‘Garden Gem’ total yields
trended higher than ‘Tribute’ (P =
0.096), at 5.15 vs. 4.84 kg per plant,
respectively (Fig. 2A). However, in
2017 the reverse was found, as ‘Trib-
ute’ total yields were significantly
greater than ‘Garden Gem’, at 5.01
vs. 4.35 kg per plant, respectively.
This was likely due to the smaller size
of ‘Garden Gem’ fruit as ‘Garden
Gem’ average marketable fruit weight
(AMFW) was lower in 2017 by 17%
compared with the 2016 season,
whereas ‘Tribute’ AMFW was 0.9%
greater in 2017. The percentage of
unmarketable fruit categorized as
‘undersized’ was also greater for ‘Gar-
den Gem’. As expected, total fruit
number was significantly greater for
‘Garden Gem’ in both seasons due to
the difference in tomato types.

MARKETABLE YIELD. Production
system and grafting main effects were

observed on marketable yield across
both cultivars in 2016 (Table 2).
Marketable yield increased with high
tunnels and grafting by 87.1% and
42.3%, respectively (Fig. 2C). The
number of marketable fruit per plant
also increased with high tunnel pro-
duction and grafting, by 83.8% and
32.7%, respectively (Fig. 2D). Mar-
ketable yield was not significantly
different between cultivars, while ge-
netic differences resulted in a greater
number of marketable fruit for ‘Gar-
den Gem’ compared with ‘Tribute’,
at 61.1 and 12.2 marketable fruit per
plant, respectively. In addition, both
production system and grafting had
two-way interactions with cultivar
(Table 2), with ‘Tribute’ benefiting
from both high tunnel and grafting
more than ‘Garden Gem’ in terms of
marketable yield (data not shown).
Marketable yield of ‘Tribute’ in-
creased 32.8% more under high

Fig. 2. Tomato yield components as affected by production system, grafting, and cultivar in Spring 2016 and 2017 production
seasons (HT = high tunnel, OF = open field, G = grafted, NG = nongrafted, GG = ‘Garden Gem’, T = ‘Tribute’). Treatment
analyses were separated by season, and letters that are the same within a season indicate the treatments are not significantly
different P £ 0.05 according to Fisher’s least significant difference test. Bars with mixed patterns are used to differentiate two-
way interactions. (A) Total yield as affected by production system, grafting, and cultivar. (B) Total fruit number per plant as
affected by production system, grafting, and cultivar. (C) ‘Tribute’ marketable yield as affected by production system and
grafting. (D) ‘Tribute’ marketable fruit number per plant as affected by production system and grafting. ‘Garden Gem’
marketable yield results followed the same trends as ‘Tribute’ in 2016, while treatment effects were not significantly different
in 2017; 1 kg = 2.2046 lb.
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tunnel production than for ‘Garden
Gem’, while grafting increased
marketable yield 44.6% more for
‘Tribute’ than ‘Garden Gem’.

In 2017, none of the treatment
main effects were found to signifi-
cantly affect marketable yield, while
there was a significant three-way in-
teraction contributed by the impacts
of production system and grafting on
‘Tribute’, with a lack of effects on
‘Garden Gem’ (Table 2; Fig. 2C).
High tunnel ‘Tribute’ production
significantly increased marketable
yield, by 129% compared with the
open field, and was congruent with
2016 results, while grafting in-
creased the marketable yield of
‘Tribute’ in the high tunnel produc-
tion system (by 42.1%) but not in the
open field. The number of marketable
fruit per plant was significantly greater
in ‘Tribute’ high tunnel production
compared with the open field (115%),
whereas grafting did not affect the
number of marketable fruit per plant
(Fig. 2D).

Previous studies have demon-
strated the overall benefits of using
high tunnels to increase tomato mar-
ketable fruit number and yield, al-
though those effects are season and
cultivar dependent (Healy et al.,
2017; Martin, 2013; O’Connell
et al., 2012; Rogers and Wszelaki,
2012). Grafting has the potential to
increase marketable fruit yield com-
ponents (Djidonou et al., 2013), yet
results may depend on rootstock/
scion selection and seasonal environ-
mental conditions (Barrett et al.,
2012; Rivard et al., 2010). The greater
grafting benefit in a high tunnel pro-
duction system compared with the
open field for ‘Tribute’ observed in
this study in the 2017 season, as

reflected by the production system ·
grafting · cultivar interaction, de-
serves further studies over multiple
seasons.

AVERAGE MARKETABLE FRUIT

WEIGHT. In 2016, grafting increased
‘Tribute’ AMFW by 19.5% (from 195
to 233 g), whereas no differences
related to grafting were seen for
‘Garden Gem’. Additionally, produc-
tion system by grafting interactions
were identified (Table 2), in which
the AMFW for open field, grafted
tomatoes was greater than all other
treatments. These results were unex-
pected, yet further examination
revealed that AMFW peaked early in
the season, on 20 May for ‘Garden
Gem’ and 27May for ‘Tribute’, while
at the same time grafting effects were
drastically reduced after the 8 June
harvest. It was therefore the shorter
open field harvest season that led to
the greater proportion of total mar-
ketable fruit harvested when fruit size
peaked and the grafting effect was at
its maximum, rather than any physi-
ological effect on AMFW by the com-
bination of open field and grafting
treatments. In 2017, however, no
grafting or production system effects
on AMFW were found. These results
are consistent with work from Djido-
nou et al. (2013), indicating that
although grafting has the potential
to increase AMFW, results are depen-
dent on a combination of factors,
including rootstock-scion interac-
tions, water and nutrient manage-
ment, and seasonal conditions.

U N M A R K E T A B L E F R U I T

CHARACTERISTICS. Few reports have
examined differences in unmarketable
characteristics between open field and
high tunnel production systems, and
little information is available about

the interaction of production system
and grafting effects. The major pests
identified in this study, which directly
or indirectly impacted tomato mar-
ketability, were tobacco hornworm
(Manduca sexta), brown stink bug
(Euschistus servus), and southern
green stink bug (Nezara viridula).
Additionally, leaf-footed bugs (Lepto-
glossus phyllopus) were identified in
abundance on the trap crop, yet did
not have a significant presence on the
tomato crop. The major disease identi-
fied was early blight, while low inci-
dence of bacterial spot (Xanthomonas
vesicatoria) was also confirmed by the
University of Florida Plant Diagnostic
Center.

Stink bug damage, decay, and
cracking ranked as the three most
prevalent causes of unmarketable fruit
(measured as a percentage of total
yield), and cultivar effects were iden-
tified for all three (Table 3). Although
seasonal differences were not statisti-
cally analyzed, the mean percent of
total yield that was unmarketable due
to stink bug damage, decay, and
cracking each increased from 2016
to 2017 (from 10.0% to 28.4%,
12.2% to 16.6%, and 5.5% to 10.8%,
respectively), and together these were
the main causes in the difference in
marketable yield between seasons.

The percentage of the total yield
that was unmarketable due to stink
bug damage was significantly greater
for ‘Garden Gem’ than ‘Tribute’ in
both 2016 (13.5% and 6.5%, respec-
tively) and 2017 (33.9% and 22.8%,
respectively) (Fig. 3A). Even with
well-established trap crops and inte-
grated pesticide applications based
on weekly scouting (Frey, 2018),
relatively high fruit losses due to stink
bug damage occurred in both seasons.

Table 2. Effects of production system, grafting, and tomato cultivar on fruit yield components (on a per plant basis).

Total yield Total fruit no. Marketable yield
Marketable fruit

no. AMFWy

Factorz 2016x 2017x 2016x 2017x 2016x 2017 2016x 2017x 2016x 2017x

PS *** NS *** NS *** NS *** NS NS NS

C 0.096 *** *** *** NS NS *** *** *** ***
G *** *** ** NS *** NS *** NS NS NS

PS · C NS NS NS NS * NS 0.066 ** NS NS

PS · G NS NS NS NS NS NS NS NS ** NS

C · G NS NS NS NS * NS NS NS *** NS

PS · C · G NS NS NS NS NS ** NS NS NS NS

zPS = production system (i.e., high tunnel vs. open field), C = cultivar, G = grafting. NS, *, **, ***Nonsignificant or significant at P £ 0.05, 0.01, or 0.001, respectively. Actual
probability values are given if P £ 0.10 to show data trends.
yAMFW = average marketable fruit weight.
xData were logarithmically transformed to satisfy statistical assumptions.
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Stink bugs have increasingly become
a major pest in organic tomato pro-
duction because organic insecticides
are largely ineffective (Kamminga
et al., 2009; Morehead and Kuhar,
2017). The effectiveness of trap
crops as used in this study was dem-
onstrated in northern Florida to-
mato production by Gordon (2016);
however, when implemented in this
study, the trap crops did not lead to
satisfactory results, implying greater
host preference for one or both of
the tomato cultivars than the trap
crops. Maximizing the benefits of
the high tunnel structure with
the use of insect netting may be
a promising alternative for stink
bug management, although its effects
on high tunnel microclimate condi-
tions as well as tomato growth and
yield must be monitored closely
(Majumdar, 2015). Although stink
bug occurrence was not recorded
via stink bug counts within each
treatment, the difference in percent
of unmarketable fruit yield indicates
cultivar preference by the pest, as
previously found for the southern
green stink bug (Grozea et al.,
2012). Although the 2016 data in-
dicate incidence of stink bug damage
may be increased in high tunnel
production, it is more likely that this
was due to the categorization pro-
cedures used in 2016, as open field
fruit with stink bug damage were
more likely than high tunnel fruit
to also have decay or cracking, and
therefore be categorized as unmar-
ketable due to either of the latter
defects. The 2017 procedures ad-
justed for this, and no significant
differences were found between pro-
duction systems.

In this study, high tunnel pro-
duction tended to reduce the pro-
portion of the total yield that was
unmarketable due to caterpillar
damage in both seasons [P = 0.067
(Table 3)]. The incidence of cater-
pillar damage was 4.2% in both sea-
sons for open field and 1.7% in 2016
and 2.3% in 2017 for high tunnels.
Overall, the caterpillar infestation
level was low in this study, presum-
ably due to the rotation of pesticide
applications for stink bug manage-
ment (Frey, 2018). Nevertheless,
the effects of high tunnels on cater-
pillar damage in tomato production
under subtropical conditions need
to be further examined.T
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The percentage of total yield that
was unmarketable due to decay was
affected by production system and
cultivar treatments (Table 3). The
decay incidence was greater for ‘Trib-
ute’ than ‘Garden Gem’ in both 2016
(18.3% and 6.2%, respectively) and
2017 (22.5% and 10.6%, respectively)
(Fig. 3B). In 2016, high tunnels re-
duced fruit decay by 64.4%, from
18.1% in the open field to 6.4% in
the high tunnel, and the high tunnel
reduction of decay was greater for
‘Tribute’ (71.3%) than for ‘Garden
Gem’ (38.9%). A production system
by cultivar interaction occurred in
2017 as well, with high tunnels sig-
nificantly reducing decay incidence
for ‘Tribute’ (from 31.4% to 13.5%),
whereas ‘Garden Gem’ decay was
unaffected.

The percentage of total yield that
was unmarketable due to cracking was
significantly greater for ‘Tribute’ than
‘Garden Gem’ in both 2016 (9.6%
and 1.3%, respectively) and 2017
(17.9% and 3.7%, respectively) (Fig.
3C). High tunnel production re-
duced cracking by 71.1% in 2016
(from 8.5% to 2.5%, respectively),
and by 66.2% in 2017 (from 16.2%
to 5.5%, respectively). Grafting effect
was not observed in 2016, while
cracking was increased from 9.5% for
nongrafted treatments to 12.1% for
grafted treatments in 2017. Multiple
factors may affect fruit cracking, in-
cluding cultivar susceptibility, fluctu-
ations in plant water status and/or
diurnal temperatures, high humidity,
and high light intensity (Peet, 1992).
The increase in cracking due to graft-
ing identified in the 2017 season may
be due to the enhanced water uptake
that has been observed with the more
vigorous root systems of selected
rootstocks (Lee, 1994), whereas the
reduction of cracking in the high
tunnel system was most likely due to
the consistency of soil water moisture
that was observed throughout fruit
development (data not shown). Pre-
vious research has suggested proper
water management as the key to re-
ducing tomato fruit cracking occur-
rence (O’Connell et al., 2012).

There was a noticeable increase
in the occurrence of fruit that were
undersized yet otherwise marketable
from the onset of the 2017 harvest
season, thus leading to the addition of
undersized fruit as a separate category.
The increased number of undersized

Fig. 3. Percent of total yield that is unmarketable due to stink bug damage, fruit decay
and cracking as affected by production system and tomato cultivar in Spring 2016 and
2017 seasons (HT = high tunnel, OF = open field, GG = ‘Garden Gem’, T = ‘Tribute’).
Treatment analyses were separated by season, and letters that are the samewithin a season
indicate the treatments arenot significantlydifferent atP£ 0.05according toFisher’s least
significant difference test. Bars with mixed patterns are used to differentiate two-way
interactions. (A) Marketable yield reduction due to stink bug damage as affected by
production system and tomato cultivar. (B)Marketable yield reduction due to fruit decay
as affected by production systemand tomato cultivar. (C)Marketable yield reductiondue
to fruit cracking as affected by production system and tomato cultivar.
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fruit might be associated with the
higher level of RKN infestation in
2017 compared with the 2016 season
(Frey et al., 2020). While direct-mar-
ket growers may not view all under-
sized fruit as unmarketable, it was
determined to be important to quan-
tify treatment effects. The cultivar by
grafting interaction showed that
grafting significantly reduced inci-
dence of undersized fruit for ‘Trib-
ute’, from 4.4% (nongrafted) to 1.8%
(grafted), but it did not affect the
undersized fruit incidence for ‘Gar-
den Gem’. Additionally, cultivar by
production system interactions indi-
cated similar values between produc-
tion systems for ‘Garden Gem’,
whereas undersized ‘Tribute’ fruit
were more prevalent in high tunnel
than in open field (4.4% and 1.8%,
respectively). This higher incidence of
undersized fruit for ‘Tribute’ in high
tunnels may be largely attributed to
the reduction of percent decay and
percent cracking that was achieved
with high tunnel production (Fig.
3B and C), with a greater proportion
of small, ripening fruit in the open
field succumbing to decay and there-
fore being categorized accordingly
rather than as undersized.

The percentage of total yield that
was unmarketable due to sunscald
was reduced in the high tunnel for
‘Garden Gem’ (0.4% vs. 3.6% for the
open field) but not for ‘Tribute’ in
2016 (Table 3), whereas no treat-
ment effects were observed in 2017.
The high tunnel reduction in sunscald
incidence in 2016 for ‘Garden Gem’
was likely due to the lower foliar
disease severity compared with open
field (Frey et al., 2020), which
resulted in higher aboveground bio-
mass at the end of the production
season (Fig. 1C), providing greater
foliar coverage for the fruit. The lack
of difference in sunscald incidence in
2016 for ‘Tribute’ was most likely
due to the high incidence of decay
and cracking that occurred before
sunscald development in those fruit,
while the lack of difference in 2017
for both cultivars was most likely due
to the lower open field foliar disease
severity (Frey et al., 2020).

BER is a physiological disorder
of tomato fruit that is now considered
to be driven by abiotic stress condi-
tions, including increased tempera-
tures, relative humidity, and soil
water fluctuations, resulting in an

increase in reactive oxygen species
that cause high oxidative stress, and
finally cell death (Saure, 2014). Stress
may interfere with calcium (Ca2+)
allocation or uptake by the fruit,
making the observed low Ca2+ in
symptomatic BER fruit a secondary
consequence of the stress that causes
the disorder (Saure, 2014). The pro-
duction system · grafting · cultivar
interaction found in 2016 showed
that the percentage of total yield that
was unmarketable due to BER was
significantly higher for ‘Tribute’ high
tunnel fruit (5.7%) than for ‘Tribute’
open field fruit (0.6%), while no sig-
nificant difference was identified for
‘Garden Gem’. Moreover, grafted
‘Tribute’ had significantly less BER
in high tunnels, from 9.1% for non-
grafted to 2.3% for grafted treatments
(Table 3). The BER results in 2017,
however, only indicated cultivar ef-
fects, with BER incidence being sig-
nificantly greater for ‘Tribute’ (1.5%)
than ‘Garden Gem’ (0.5%). The po-
tential for high tunnels to increase
BER occurrence compared with open
field systems, as well as cultivar differ-
ences in BER susceptibility, have pre-
viously been reported by Martin
(2013). Although the high tunnel
influence on BER was only observed
in 2016 in the present study, future
research is warranted to elucidate the
potential impact of high tunnel envi-
ronment on BER incidence and se-
verity over multiple seasons. The
potential for grafting to reduce BER
has also been demonstrated previously
(Fan et al., 2011; Krumbein and
Schwarz, 2013), which indicates the
importance for integrating grafting
and high tunnel technologies to re-
duce potential negative high tunnel
effects.

The percentage of total yield that
was unmarketable due to the inci-
dence of YSDwas significantly greater
in 2016 for ‘GardenGem’ than ‘Trib-
ute’ (at 3.5% and 1.7%, respectively),
while there were no cultivar effects in
2017. High tunnel production in-
creased the YSD incidence in 2016
compared with the open field (3.3%
and 1.8%, respectively), while pro-
duction system differences in 2017
were trending at P = 0.095 and the
occurrence of YSD was much lower
than the previous year (0.7% for high
tunnels and 0.3% for the open field,
respectively). Production system ef-
fects on YSD were previously reported

by Martin (2013), and were primarily
linked to high temperature (>33 �C)
during fruit development (Jett, 2004;
Martin, 2013). The YSD results in-
dicate another potential drawback of
high tunnel production, although it is
possible that cultivar selection may
reduce the yield impact of this un-
marketable trait.

Fruit harvested green was not
a major marketability factor through-
out the growing season, but rather is
an indication of the relative amount
of productivity remaining at the final
harvest. For this reason, results were
analyzed by total weight, and treat-
ment differences are reported as a per-
cent difference from one another.
Fruit quality at final harvest was lack-
ing due to high heat and stink bug
damage, and this measurement of
remaining green fruit is an indication
of relative potential productivity if
greater season extension could be
achieved. The unmarketable fruit
due to being green was 261% greater
in the high tunnel than in the open
field at final harvest in 2016, even
while the high tunnel final harvest was
22 d after the open field final harvest
(Table 3), and 40% greater in 2017.
The reduction in the magnitude of
differences from 2016 to 2017 was
likely due to the replanting that oc-
curred in 2017 along with prolonged
production in the open field (nearly
matching the harvest season length of
the high tunnel). This highlights the
importance of achieving season ex-
tension for maximizing high tunnel
benefits. The amount of green ‘Gar-
den Gem’ fruit was also significantly
greater than green ‘Tribute’ fruit,
with 432% more fruit at final harvest
in 2016, and 245% more in 2017,
indicating the critical role of cultivar
selection in maximizing the harvest
season in the high tunnels.

Conclusions
The two primary benefits of

high tunnel tomato production were
found to be the extension of the
harvest period, thereby increasing to-
tal yields, and the reduction of fruit
decay and cracking (and the potential
to reduce insect damage), thereby
increasing marketable yields. Season
extension in subtropical summer
months (such as found in Florida)
may only be achieved when open field
disease incidence and severity are
high, and therefore early high tunnel
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planting should be the primary goal.
Future research is needed to establish
target high tunnel planting dates in
subtropical climates to maximize sea-
son extension in each growing region;
proper cultivar section and trellising
management are also needed to max-
imize high tunnel benefits. Stink bug
damage surpassed 28% of total fruit
yields during the course of this study,
clearly demonstrating that stink bug
management is a major challenge in
organic tomato production. Al-
though a cost-effective solution in
a high tunnel production system
might be the utilization of insect
screens to exclude the stink bugs,
insect screen application may alter
the high tunnel microclimate in ways
that could reduce the benefits identi-
fied in this study. Future research is
therefore needed to better manage
high tunnel microclimate conditions
when using pest barriers.

Grafting was shown to increase
tomato plant vigor and produc-
tivity in terms of both total yield
and fruit number. Combining graft-
ing and high tunnel technologies
demonstrated the potential to employ
grafting advantages over a longer
production season. Furthermore,
grafting can reduce potential adverse
effects of high tunnel conditions, in-
cluding RKN incidence and severity
(Frey et al., 2020) and fruit disorders,
such as BER. Although grafting may
increase fruit cracking, proper irriga-
tion management may help reduce or
eliminate this effect. Future research
is warranted from a systems approach
perspective, developing nutrient and
irrigation management practices to
maximize grafting and high tunnel
benefits while minimizing potential
detrimental effects.
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