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Abstract. High tunnels may help mitigate unfavorable climate and weather on lettuce
(Lactuca sativa L.) production leading to greater yields and quality, yet information for
using these systems in the Southeast region is lacking. This study evaluated the effect of
high tunnels and three planting dates (PDs) (early March, late-March, and mid-April) on
spring organic lettuce production. A 25% to 36% increase in marketable fresh weight for
butterhead and romaine lettuce, respectively, was observed under high tunnels com-
pared with the field in 2016, but there was no difference among the two growing systems
in 2015. High tunnel lettuce was harvested ~2 to 7 days earlier than in the field in 2015
and 2016, respectively. Pest and disease pressure (e.g., Sclerotinia sclerotiorum) as well as
the incidence of physiological disorders (i.e., bolting, tip burn, and undersized heads)
were similar between the two systems indicating that our high tunnel system did not
provide a benefit for these issues. High tunnel air temperatures were ~3 to 5 °C greater
on the coldest mornings and only 1 °C greater on the warmest days compared with the
field. Average relative humidity (RH), leaf wetness, and light levels were all lower under
the high tunnels. Our results indicate that high tunnels can help increase the production
of spring organic lettuce in Georgia, but that the advantage may depend on yearly

weather conditions.

Lettuce (Lactuca sativa L.) is a popular,
cool-season vegetable with a total U.S. pro-
duction value of nearly $1.5 billion in 2013
(AgMRC, 2015). From 2005 to 2011, the
amount of U.S. farmland allocated to the
organic lettuce production increased from
4% to 12%, was worth $264 million in sales,
and was the number one organic crop com-
modity (ERS, 2013; USDA, 2015). Cur-
rently, most of the organic lettuce is
produced in California and Arizona (Toland
and Lucier, 2011). Georgia can grow lettuce;
however, as is typical of the Southeast region,
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unpredictable weather patterns, heat, and
humidity can make crop production challeng-
ing. Alternative production techniques such
as high tunnels may help growers mitigate
unfavorable climate and weather conditions
leading to increased lettuce production in the
region. This would help meet growing de-
mands for local produce, organic produce, or
both (USDA, 2015).

The optimum temperatures for growing
lettuce range from ~7 °C/16 to 21 °C (night-
time/daytime) (AgMRC, 2015; Sanders,
2001). In addition, lettuce requires a mini-
mum of 15 mol-m2.d™" of light (Korczynski
et al., 2002; Runkle, 2011; Waycott, 1995).
Given these criteria, Georgia is conducive to
growing lettuce about 9 months out of the
year (e.g., fall through spring). Lettuce pro-
duction during late spring and early summer
can be difficult as average daily temperatures
may quickly or unpredictably rise above the
preferred range. Warm temperatures may
result in the induction of physiological dis-
orders, such as bolting, bitterness, and tip-
burn (Prohens-Tomds and Nuez, 2008). In
addition, it is predicted that the region will
experience a growing number of days with
temperatures greater than 35 °C and a steady

increase in extreme precipitation events
(EPA, 2016; Kunkel et al., 2013).

Precipitation and related periods of high
RH may increase the incidence of fungal
diseases, soilborne diseases or both, whereas
strong winds can tear and abrade lettuce
leaves. Precipitation events before or during
the crop season can also delay field prepara-
tion activities. Management techniques such
as high tunnels that increased crop protection
and the ability to manipulate the crop micro-
environment have the potential to increase
yield and quality of lettuce production in
Georgia.

High tunnels (i.e., hoop houses) are un-
heated, passively ventilated greenhouse-like
structures which can provide some protection
to crops from adverse weather events (i.e.,
cold, precipitation, wind, soil splash back,
etc.), selected pests and diseases, or season
extension (Alves et al., 2014; Borrelli et al.,
2013; Carey et al., 2009; O’Connell et al.,
2012; Rogers and Wszelaki, 2012). Early or
late season extension may help growers re-
ceive premium prices (Alves et al., 2014;
Sydorovych et al., 2013) and attract new
customers. Furthermore, farmers that use
high tunnels may be able to obtain a greater
yield or higher quality product by manipu-
lating the microenvironment compared with
the field.

High tunnel benefits and management
practices are often regionally specific be-
cause of local climate characteristics and
market preferences. The following research
efforts have been executed by others and
provided a basis for our project goals which
focus on challenges for high tunnel lettuce
production in warm, humid regions. An
organic high tunnel lettuce study conducted
in Tennessee (TN), Texas, and Washington
(WA) evaluated season extension; they ob-
served greater bolting incidence in the field
compared with under high tunnels in the
regions where temperature fluctuations were
more frequent (Wallace et al., 2012). A
summer lettuce study conducted in Kansas
found lower bolting rates when shadecloth
was used in conjunction with high tunnels
compared with the field but recommended
further investigations (Zhao and Carey,
2009). A lettuce study conducted in South
Carolina (SC) evaluated the best PDs for
yield and quality in the field (Dufault et al.,
2006). These researchers observed increased
bolting when lettuce was planted in Septem-
ber, October, February, and March, but bolt-
ing rates were not different with PDs from
November through January. Cultivar choice
also influenced days to harvest and yield in
this SC study (Dufault et al., 2006). A study
conducted in WA determined that winter
high tunnel production of Asian greens,
spinach, and lettuce was possible, but could
be optimized with more informed cultivar
selection, seeding dates, and planting densi-
ties (Borrelli et al., 2013). A study conducted
in North Carolina to evaluate the perfor-
mance of organic tomatoes in high tunnels
suggested that with proper management, one
can achieve better yields, increased fruit
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quality, and provide season extension oppor-
tunities (i.e., early spring fruit) for high-value
horticultural crops (O’Connell et al., 2012).
Another high tunnel tomato study in TN
found that high tunnel tomatoes had in-
creased marketability and size and benefitted
from earlier PDs compared with the field
(Rogers and Wszelaki, 2012).

The Southeastern region’s mild winters
present opportunities to grow crops from fall
through spring seasons under high tunnels as
they may help protect crops from abiotic
stressors including cold temperatures, pre-
cipitation, wind, etc. However, managing
excessive heat during late spring through
early fall presents a challenge for growing
cool-season crops such as lettuce under high
tunnels. Therefore, the goals of this study
were to evaluate the effect of high tunnels and
PD on early to late spring organic lettuce
production in Georgia. Objectives included
a comparison of 1) butterhead and romaine
lettuce yields grown under high tunnels and
the field, 2) butterhead and romaine lettuce
yields among three spring PDs, and 3) mi-
croenvironmental data for both types of pro-
duction systems.

Materials and Methods

Site characteristics and history. The ex-
periment was conducted during the spring of
2015 and 2016 at the Durham Horticulture
Farm, located in Watkinsville, GA (lat.
33°5312.804"” N, long. —083°25'9.876" W
and elevation 236 m). The plant hardiness
zone for the site is 8a (USDA, 2012). The soil
type at the site was a well-drained Cecil
sandy clay loam subsoil (CYB2) that has
been eroded overtime so the plow layer now
extends into the red sandy loam subsoil
(USDA, 1968). Soil analysis in high tunnel
and field areas indicated a pH of ~6.6 and
a composition of 67% sand, 15% silt, and
18% clay before the experiment (Agricul-
tural & Environmental Services Laborato-
ries, Athens, GA). The project site has been
certified organic since 2012, and all agricul-
tural production methods were performed
under USDA regulations 7 U.S.C. §6507.

High tunnel design. Two commercial-size
gothic-shaped high tunnels (Atlas Green-
house Inc., Alapaha, GA) (29.3 x 9.1 x 3.7
m) and a comparative field area (45.7 X 9.1
m) in close proximity to the high tunnels
(=5 m to the north) were used for the study.
High tunnels were oriented east-west, to be
perpendicular to the prevailing winter winds
at the site. The field was also oriented east—
west. High tunnels had inflated double poly-
ethylene film roofs that comprised 152.4-um
plastic with 90% light transmission, 25%
light diffusion, and 95% blocking of ultravi-
olet wavelengths <350 nm (SunView 4;
POLY-AG. Corp., San Diego, CA). The end
walls comprised 8-mm thick polycarbonate.
Automated 1.83 m tall z-lock drop-down side
curtains constructed from 304.8-um weave
fabric were used. In both years, before our
experiment, the field area was planted with an
oat cover crop (4Avena sativa) at a rate of 112
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kg-ha? (Welter Seed and Honey Co.,
Onslow, TA) and high tunnel areas planted
with a variety of Brassicaceae cash crops
across the 2014—-16 Fall/Winter seasons be-
fore lettuce.

Transplant management. Butterhead and
romaine lettuce plants were grown in an
organic greenhouse with air temperature set
points at 13 °C/21 °C (nighttime/daytime).
Seeds were sown into six-pack trays (4 x 4 x
6 cm) (#L-1206; Land Mark Plastics, Akon,
OH) filled with potting soil (Sunshine Nat-
ural & Organic Professional Growing Mix
#1; Sun Gro Horticulture, Agawam, MA). A
soluble fish and seaweed fertilizer
[AgGrand Organic Series (4N-1.3P-2.5K);
Amsoil, Inc., Superior, WI] was applied
once per week at a rate of 7.82 mL-L™' of
water during the third, fourth, and fifth week
after sowing. Seedlings were acclimated to
the outside environment about 7 d before
transplanting to either high tunnel or field
systems. When night temperatures during
the acclimation period were predicted to be
=4 °C, transplants were covered with 18.6
g-m' weight rowcovers (Gro-Guard ultra-
violet Row Cover #20; Atmore Industries,
Atmore, AZ). On one evening when the
temperatures were predicted to be =0 °C,
transplants were brought back into the
greenhouse to avoid cold damage.

Site preparation. Eight raised beds (71 cm
wide X 20 cm tall), oriented east—west, were
prepared under both the high tunnels and the
field. Two beds parallel to the side walls in
high tunnels or lateral edges of field plots
were designated as guard rows to minimize
differential effects from environmental fac-
tors such as wind and light. About 65% of the
experimental area was planted with lettuce
and remainder was footpaths and other
workspaces.

Fertilizers were applied 1 week before
planting. Application rates were based on soil
sampling results conducted 1 month before
the first lettuce PD each year. In 2016, soil
tests recommended adding potassium and
magnesium to the field only. It is possible
that this was due to different crop histories in
each area before 2016 (i.e., a brassica cash
crop under the high tunnels and a winter oat
cover crop in the field) or lower leaching rates
under the high tunnels due to lack of pre-
cipitation. Therefore, different fertilizer

products and rates were applied to high
tunnels and field to meet the nutrient re-
quirements for sulfur, potassium, and mag-
nesium required by the lettuce crop (Table 1).
The nitrogen requirement was consistent for
the high tunnels and field across both years
(Table 1). Fertilizers were broadcasted over
each planting bed by replicates and incorpo-
rated using rakes. Beds were irrigated for
several hours by using drip tape before
transplanting.

Experimental design. The experiment was
a split-split plot design with four replications
(i.e., two replications per commercial-sized
high tunnel). The whole plot factor consisted
of the growing system type (i.e., high tunnel
or field), the split-plot was PD and the split-
split plot factor was cultivar. A cultivar
comparison is not included in this article,
but rather an average across all butterhead or
romaine cultivars were evaluated. That said,
the following cultivars were included in the
study: ‘Red Cross’, ‘Sylvesta’, ‘Adriana’,
‘Skyphos’, ‘Pirat’, and ‘Mirlo’ for butter-
heads and ‘Salvius’, ‘Coastal Star’, ‘Green
Forest’, ‘Red Rosie’, ‘Super Jericho’, and
‘Freckles’ for romaines. The experimental
unit was 10 plants/plot. Lettuce seedlings
were planted in two rows per bed, in a stag-
gered arrangement with 31 cm between-rows
and 25 cm within-rows.

Three PDs (i.e., early, mid, and late
spring) were selected (Table 2) based on
a local farmer’s recommendations and by
reviewing the previous 20 years of last spring
frost dates at the project site which ranged
from 28 Feb. to 16 Apr. The PDs were 3
weeks apart from each other. In 2015, the first
PD was delayed by 1 week due to multiple
rain events and the inability to prepare the
field beds. Thus, PDs two and three were also
delayed by 1 week. In 2016, the original PDs
were implemented.

Systems management. Irrigation was usu-
ally applied every other day, although the
interval varied depending on the current
weather, soil moisture, and plant growth
stage. There was one drip tape (Toro Micro-
irrigation, El Cajon, CA) per row (i.e., two
drip tapes per bed). In 2015, each irrigation
cycle was 60 to 120 min, and in 2016, the
irrigation cycles were reduced to 60 min total
to minimize soil surface moisture to help
manage lettuce drop (S. sclerotiorum).

Table 1. Fertilizer and application rate applied to high tunnel and field systems in 2015 and 2016.

Yr Fertilizer Analysis Application rate

2015 Feathermeal” (13N-0P-0K) 112 kg N/ha
K>SOy (ON-0P—41.5K) 34 kg K/ha

2016 Boron* (10% B) 1 kg B/ha
Feathermeal (13N-0P-0K) 112 kg N/ha
K>S0, (field only) (ON-0P—41.5K) 34 kg K/ha
Dolomitic lime” (field only) (6% Mg) 28 kg Mg/ha
MgSO," (high tunnel only) (10% Mg; 13% S) 11 kg S/ha

“Mason City By-products Inc., Mason City, IA.
YSQM North America, Atlanta, GA.
*Sun Coast, Sodus, MI.

“In 2016, soil tests recommended adding S to both high tunnels and field but K and Mg to the high tunnels

only.
"Imerys Carbonates., Roswell, GA.
“Rite Aide, Camp Hill, PA.
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Table 2. Seeding and transplanting dates in 2015
and 2016.

Planting Seeding Transplanting
Yr date date date
2015 PDI1~ 29 Jan. 12 Mar.
PD2 19 Feb. 2 Apr.
PD3 12 Mar. 23 Apr.
2016 PDI 28 Jan. 3 Mar.
PD2 18 Feb. 24 Mar.
PD3 10 Mar. 14 Apr.

“PD = planting date.

Automatic drop-down side curtains were
set to close at 10 = 1 °C and remained open
when temperatures were =11 °C. Side cur-
tains were closed when heavy rain or winds
(>24 km-h") were predicted to protect plants
from wind damage and to minimize water
intrusion (i.e., roof runoff or rain blowing in
through the sides). During warm periods (i.e.,
=11 °C) end walls were kept open as much as
possible. When air temperatures were pre-
dicted to be =0 °C, intermediate weight
rowcovers (18.6 g-m™') were used for frost
protection in both the high tunnel and field
systems. Row covers were draped over nine-
gauge galvanized wire hoops spaced every
1.8 m and edges held in place with weighted
sand bags. The hoops were ~0.5 m above the
soil line at their apex. Weeding was done
several times throughout the growing period
with hand tools in both systems.

Environmental monitoring. Environmen-
tal monitoring stations were located in each
high tunnel and field replication (Em50
Digital/Analog Data Logger; Decagon De-
vices Inc, Pullman, WA). Each station in-
cluded sensors to measure air temperature
and RH (VP-3; Decagon Devices Inc), pho-
tosynthetically active radiation (Measures
PPF) (QSO-S PAR Photon Flux; Apogee
Instruments, Logan, UT), soil temperature
(5TM; Decagon Devices Inc), and leaf wet-
ness counts (LWC) (LWS; Decagon Devices
Inc). The air temperature and RH probes were
placed inside radiation shields provided by
the manufacturer. Average values for each
parameter were recorded at hourly intervals.
Using these hourly values, daily average,
daily maximum, and daily minimum levels
were calculated; each 24-h period was de-
fined as 7:00 to 6:00 am. Soil temperature
sensors were located 20 cm away from metal
t-posts and at a depth of 10 to 16 cm from the
soil surface. Light sensors, air temperature
sensors, and leaf wetness sensors were placed
53, 46, and 31 cm above the soil line,
respectively. Leaf wetness sensors were
mounted at a 45° angle. Environmental mon-
itoring stations were located within experi-
mental beds; they were covered with
rowcovers along with plants on nights when
temperatures were predicted to be <0 °C.

Pest and disease management. Integrated
pest management (IPM) scouting was carried
out twice each week. In 2015, fire ants
(Solenopsis spp.), aphids (Aphidoidea spp.),
and armyworms (Spodoptera exigua) were
the major insect pests along with lettuce drop
disease (S. sclerotiorum). Two spinosad-based
products were used to manage fire ants in-
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cluding “Entrust SC” naturalyte insect control
(Dow Agro Sciences, Indianapolis, IN) and
“Come and get it” fire ant killer bait (Ferti-
lome, Bonham, TX); Bacillus thuringiensis
(DiPel DF; Valent USA Cooperation, Walnut
Creek, CA) was used once to manage army-
worms. It should be noted that “Come and get
it” no longer maintains an Organic Materials
Review Institute (OMRI) certification and
may not be allowed in certified organic sys-
tems. In 2016, a biological fungicide contain-
ing Coniothyrium minitans (Contans WG;
Sipcam Agro USA, Inc., Durham, NC) was
applied to the surface of raised beds in both
systems, at a rate of 2.3 kg-ha! as a soil drench
at transplanting, to reduce the incidence of
lettuce drop. All products were administered at
recommended label rates.

Plants infected with lettuce drop were
removed along with the surrounding surface
soil and visible sclerotia, and disposed of in
the trash. Dead or severely damaged plants,
generally from fire ants or lettuce drop, were
recorded and replaced up to 2 weeks from
their original transplanting date. After 2
weeks, plants that died were not replaced.

Harvesting protocols. All plots were
assessed two times per week. Plots were har-
vested when >75% of the plants were judged
to have firm, mature, marketable size heads
or when >25% of plants demonstrated signs
of bolting, tip burn, or other defects. Judg-
ments about marketable size were made from
comparisons with lettuce for sale at local
farmers markets and grocery stores. The
number and weight of unwashed marketable
and nonmarketable heads from each butter-
head and romaine lettuce plot were recorded.
The number of bolted (premature flowering)
plants, plants with tip-burn, and undersized
heads/no-closed head formation were also
recorded as nonmarketable.

Statistical analysis. The main factors of
comparison were two production systems (i.e.,
high tunnel vs. field) and three PDs (i.e., early,
mid, and late). A set of analyses to assess
microenvironment differences were com-
pleted. Continuous response variables in-
cluded air temperature, soil temperature, RH,
LWC, and photosynthetic photon flux (PPF).
The daily light integral (DLI) was calculated
from the PPF. The aforementioned variables
were all about normally distributed, so the
statistical analysis was carried out using
amixed effects analysis of variance (ANOVA)
model (SAS v. 9.4; SAS Institute, Cary, NC).
These variables were not transformed. Tukey’s
mean separation method with 95% confidence
level was used to determine significant differ-
ences between the two production system
types or three PDs. Each year was analyzed
separately to account for different weather
patterns. Nonsignificant interactions were
dropped from the models. Statistical analysis
was not conducted on average; monthly results
presented in Table 3. These averages were
presented only to generalize comparisons be-
tween years and between early to late spring at
our research site and to other studies.

A similar set of analyses were completed
to assess yield differences. The three contin-

uous response variables included were mar-
ketable yield per plot, individual marketable
head weight, and days to harvest. Individual
marketable head fresh weight was obtained
by dividing the number of marketable heads
by the total marketable yield per plot. Vari-
ables were all about normally distributed, so
the statistical analysis was carried out using
a mixed effects ANOVA model (SAS v. 9.4;
SAS Institute). Tukey’s mean separation
method with 95% confidence level was used
to determine significant differences between
production systems or PDs. Each year was
analyzed separately to account for different
weather patterns. Also, butterhead and ro-
maine lettuce data were analyzed separately
to allow for a comparison of these two lettuce
types. Thus, in all, there were 12 analyses
conducted each year including two produc-
tion systems, three PDs, and two lettuce
types.

The response variables related to non-
marketable yield categories, made up of
small positive integers were analyzed differ-
ently because they were not continuous vari-
ables. This included percent nonmarketable,
physiological defect categories (i.e., bolting,
tip burn, and undersized heads) and percent
dead plants due to S. sclerotiorum infection.
Each variable was analyzed separately with
a logistic regression model to predict a pro-
portion of the total harvested heads that were
nonmarketable using system type and PD as
explanatory variables (SAS v. 9.4, SAS In-
stitute). Each year was analyzed separately to
account for different weather patterns. Also,
butterhead and romaine lettuce data were
analyzed separately to allow for comparisons
of each lettuce type.

Results

Microclimate. During the growing sea-
sons, the daily average air temperatures were
0.5 to 1.6 °C greater under high tunnels
compared with the field (Fig. 1) (P <
0.0001). On the coldest nights of the exper-
iment (29 Mar. 2015 and 22 Mar. 2016), the
high tunnels were 3 to 5 °C warmer than the
field (Fig. 1). On the warmest afternoons (7
June 2015 and 31 May 2016), the high
tunnels were 1.0 to 1.3 °C warmer than the
field (Fig. 1). Daily air temperature fluctua-
tions of 11 to 16 °C (i.e., difference between
daily max and min temperatures) were com-
mon over the spring season under the high
tunnels (Table 3). In both years, the average
and minimum daily soil temperatures were
greater under high tunnels (1.2 to 1.3 °C)
compared with the field, whereas the average
daily minimum soil temperature was ~2.0 °C
greater under high tunnels compared with the
field (P = 0.0015).

In 2015 and 2016, the high tunnels had
greater minimum, average, and maximum
daily air temperatures compared with the
field for all three PDs (P < 0.0057) (Table 4).
Both years, the high tunnels had greater min-
imum and average daily soil temperatures
compared with the field for all three PDs
except PD3 in 2016 (P < 0.0271) (Table 4).
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Table 3. Average monthly microenvironmental data in high tunnel (HT) and field (F) systems.

Air temp. (°C) Soil temp. (°C) RH % DLI# (mol-m2.d™") LWCY (min-d™")

Yr Mo. System Min Mean Max Min Mean Max Mean Mean Mean
2015 March* HT 8.7 15.1 21.8 14.9 17.2 19.6 73.2 21.0 5
F 6.8 13.9 20.4 11.5 14.8 18.1 74.2 30.3 623

April HT 124 18.5 24.5 18.0 20.2 223 74.7 23.0 2

F 11.8 18.0 23.7 15.8 18.7 21.5 76.8 33.0 580

May HT 15.0 22.6 304 223 252 283 71.0 33.1 9

F 14.3 22.0 29.7 20.6 24.7 29.2 72.8 49.8 473

June® HT 19.0 242 31.2 24.7 273 30.5 79.7 30.2 33

F 18.5 234 30.1 222 26.0 30.7 82.8 45.0 628

2016 March" HT 8.4 16.1 23.0 15.9 18.5 20.9 69.2 23.0 54
F 6.8 15.1 22.0 12.8 16.1 19.1 70.8 35.7 437

April HT 10.5 17.8 25.1 18.0 20.4 22.7 65.4 26.4 10

F 8.9 16.9 24.0 16.0 19.1 21.8 67.2 44.9 401

May HT 14.2 21.6 285 21.4 23.7 25.8 67.2 273 35

F 13.6 21.0 27.6 20.1 235 26.7 68.3 47.0 232

June* HT 19.0 25.8 333 25.7 28.3 30.9 69.8 28.8 24

F 18.4 24.9 31.8 23.8 273 30.9 72.3 48.3 362

RH = relative humidity.

“DLI (daily light integral) = the amount of photosynthetically active radiation received per day.

YLWC = leaf wetness counts.
*12 Mar. 2015 to 1 Apr. 2015.
"1 June 2015 to 12 June 2015.
Y3 Mar. 2016 to 1 Apr. 2016.
“1 June 2016 to 10 June 2016.
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Fig. 1. Daily average air temperatures in high tunnel (HT) and field (F) systems in 2015 and 2016.

Maximum soil temperature was not signifi-
cantly different between the high tunnels and
the field among PDs (Table 4).

The amount of rainfall recorded was ~50%
greater in 2015 (328 mm) compared with 2016
(169 mm) according to the University of
Georgia Automated Environmental Weather
Network  (http://www.georgiaweather.net/)
monitoring station located <0.5 km from the
experimental site (UGA Horticulture Research
Farm, Oconee County, GA) (data not shown).
The rainfall pattern was reflected by the
average LWC being greater in 2015 compared
with 2016 (Table 3). In March of 2015, the
high tunnel system had a negligible amount of
time per day with leaf wetness compared with
623 min-d" in the field (Table 3). Both years,
the average daily RH was ~2% lower under
the high tunnels compared with the field (P =
0.0006) (Table 3). The average monthly DLI
ranged from ~20 to 50 mol-m2.d"! (Table 3).
The average daily DLI ranged from 10 to 60
mol-m~2.d"! over the growing season (Table 3).
The average DLI was 32% to 40% lower under
our high tunnel system compared with the field
(P <0.0001).
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Yield. The total marketable fresh weight
of butterhead or romaine lettuce was not
significantly different between the high tun-
nels and the field in 2015, but it was in 2016.
In 2016, the butterhead yield was 25% greater
and the romaine yield 36% greater than the
field (P < 0.0392) (Tables 5 and 6). The
individual fresh weight of a lettuce head was
primarily responsible for these gains in 2016
(Tables 5 and 6). In 2015, no difference was
observed in the average length or diameter of
butterhead or romaine lettuce, but both were
greater in 2016 under high tunnels compared
with the field (data not shown). In 2015, the
days to harvest was 2 to 3 d earlier for
butterhead and romaine lettuce under high
tunnels compared with the field, although the
difference was not significant. In 2016, but-
terhead and romaine lettuce were ready to
harvest ~7 d earlier under high tunnels
compared with the field (P = 0.0207)
(Tables 5 and 6).

In 2015, no difference was observed in
marketable fresh weight of butterhead or
romaine lettuce among the three PDs
(Table 7). However, in 2016, both lettuce

types had greater marketable fresh weights
for PD1 compared with PD2 and PD3 (P =
0.0001) (Table 7). The inner stem length of
romaine lettuce was not significantly differ-
ent among the PDs (data not shown). In 2015,
the average number of days to harvest for
butterhead and romaine lettuce was greater
for PD1 compared with PD2 which was
greater than PD3. In 2016, the average
number of days to harvest followed the same
trends as 2015 (Table 7). No significant
interactions between the system and PD were
present in 2015 but in 2016, both butterhead
and romaine lettuce had a greater marketable
fresh weight for PD1 and PD2 under the high
tunnels compared with the field (P < 0.0191)
(Table 7).

Nonmarketable categories. In 2015, 3.5%
of high tunnel butterhead lettuce and 0.7% of
field butterhead lettuce were categorized as
nonmarketable due to bolting and in 2016 it
was ~1.0% for each growing system (Ta-
ble 5). In 2015, 13% to 14% of romaine
lettuce was categorized as nonmarketable
due to bolting in both growing systems, but
in 2016, the amount decreased to ~5% in the
high tunnels and 11% in the field (Table 6).
The romaine cultivar ‘Freckles’ accounted
for 75% to 89% of the bolting incidence in
2015 and 2016, respectively (data not
shown). In 2015, the percentage of tip burn
of butterhead lettuce was ~6% in the high
tunnels and <1% in the field. In 2016, the
percentage of tip burn for butterheads was
5% in the tunnels, whereas none was ob-
served in the field (Table 5). In both years,
~9% to 10% of the romaine plants displayed
tip burn in the high tunnels and 2% to 3% in
the field (Table 6).

In 2015, the percentage of total nonmar-
ketable lettuce was not different for either
butterhead or romaine lettuce among PDs.
However, in 2016, the percentage of non-
marketable lettuce was greater for PD3 com-
pared with PD1 and PD2 for both butterhead
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Table 4. Microenvironmental data among three spring planting dates (PDs).

Air temp. (°C) Soil temp. (°C) RH %
Yr PD System Min Mean Max Min Mean Max Mean
2015* PDI HT 11.7 & 184 a 252a 179a 204 a 229a 725a
F 10.7b 17.7b 242b 155b 189b 223a 742b
PD2 HT 13.2a 20.2 a 27.1a 19.8 a 224 a 249 a 719 a
F 12.5b 19.7b 26.4b 17.8 b 213 b 249 a 73.8b
PD3 HT 149 a 22.1a 29.5a 22.0a 248 a 27.7a 72.0 a
F 143 Db 215D 28.8b 20.1b 2390 282a 74.1b
2016* PD1 HT 10.0 A 175 A 247 A 175 A 199 A 222 A 672 A
F 8.5B 16.6 B 23.6B 15.1B 183B 213 A 68.8 B
PD2 HT 11.7 A 189 A 258 A 19.0 A 213 A 234 A 68.0 A
F 10.6 B 18.1B 247 B 172 B 203 B 232A 69.5B
PD3 HT 143 A 21.8 A 29.1 A 21.6 A 24.0 A 262 A 673 A
F 13.5B 21.1B 28.1 B 20.1 B 235 A 26.7 A 68.8 B
“Each year was analyzed separately as indicated by the different sized letters.
YValues followed by the same letter are not significantly different within a column for each year, according to Tukey’s mean separation test (P < 0.05).
Table 5. Mean butterhead lettuce yields and days to harvest between the high tunnel and field systems.
Marketable Marketable Individual Total Nonmarketable
yield yield” marketable nonmarketable Bolting Tipburn Undersized Days to
Yr System (g/plot) (kg-ha™") head fresh wt (g) (%) (%) (%) (%) harvest
2015Y High tunnel 2,385 a* 15,601 a 306 a 199 a 3.5v 6.4% 99a 47 a
Field 2,230 a 14,587 a 278 a 51a <1V <1v 44a 49 a
2016 High tunnel 3,060 A 20,018 A 336 A 93 A 1.1A 4.7 33A 48 A
Field 2,291 B 14,991 B 252 B 74 A 1.1 A <]V 6.3 A 55B

“The yield per hectare was estimated based on plot yields and estimate that 65% of the total land area was planted with a crop in high tunnel and field which was
representative of our experimental planting design.

YEach year was analyzed separately as indicated by the different sized letters.
*Values followed by the same letter are not significantly different within a column for each year, according to Tukey’s mean separation test (P =< 0.05).

“Not analyzed because of too few data points.

and romaine (Table 7). For 2016 romaine
lettuce, the percentage of plants that bolted
was greater for PD3 (17%) compared with
PD1 (2%) and PD2 (6%).

Disease incidence. In 2015, ~6% of high
tunnel and 11% of the field-grown butterhead
crop died due to lettuce drop infection. In
2016, ~1% of butterhead lettuce plants died
in each growing system (Table 5). There were
no differences between lettuce drop inci-
dence for butterheads among growing sys-
tems and PDs in either year. In 2015, ~9% of
high tunnel and 10% of field romaine plants
died from lettuce drop (Table 6). In 2016, 4%
of high tunnel and 2% of field romaine died
due to lettuce drop (Table 6). In 2015, the
percentage of lettuce drop incidence in ro-
maine lettuce was greater for PD1 compared
with PD3 (P = 0.0455), but there were no
differences between growing systems (Ta-
ble 7). In 2016, no differences in lettuce drop
incidence were observed among growing
systems and PDs for the romaine crop.

Discussion

A greater marketable fresh weight for
both butterhead and romaine lettuce was
observed under high tunnels compared with
the field in 2016 but not in 2015. Over the
same period, the marketability of the crop
(i.e., lettuce quality) was similar for both
systems. These results suggest that high
tunnels can help increase the production
potential of spring organic lettuce yield in
Georgia; however, this advantage may de-
pend on yearly weather conditions. Other
high tunnel studies have found similar in-
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creases in crop yields depending on the
yearly weather characteristics (O’Connell
et al., 2012; Wallace et al., 2012). A season
extension benefit was also gained from the
high tunnels. Overall, high tunnel lettuce was
ready to harvest 2 to 7 d earlier than the field,
in 2015 and 2016, respectively. These results
are in relative agreement with a similar let-
tuce study which found that high tunnel
lettuce was harvested ~1 to 2 weeks earlier
(Wallace et al., 2012).

Lettuce drop was the only disease that
caused significant damage to the crop. The
percentage of plants that died due to lettuce
drop was not statistically different between
the high tunnel and field systems either year,
indicating that high tunnels did not provide
additional protection from this disease. Al-
though the duration of leaf wetness under the
high tunnels was lower than in the field, the
incidence of lettuce drop did not have a pos-
itive or predictive relationship with LWC.
This is may be because both RH and leaf
wetness can influence the production and
transport of fungal inoculum to the susceptible
lettuce crown (Huber and Gillespie, 1992).

The percentage of lettuce plants infected
by lettuce drop was greater in 2015 compared
with 2016 and earlier PDs in 2015 appeared
more susceptible to infection. Clarkson et al.
(2014) noted that lettuce drop infection in-
creases rapidly between 16 and 27 °C degrees
and 70% to 100% RH. In 2015, both the
average temperature and RH were within
these ranges in both the high tunnels and
field, but in 2016 the RH was lower than this
range. Therefore, monitoring RH, soil sur-
face moisture, or moisture at the lettuce

crown may be more useful to predict disease
outbreaks and explore alternative manage-
ment techniques for high tunnel systems than
leaf wetness.

Results suggest that disease incidence was
lower in 2016 due to lower RH but we also
reduced the length of irrigation cycles to
maintain a drier soil surface and applied
a parasitic fungus (Coniothyrium minitans)
before transplanting lettuce the second sea-
son. These actions may have contributed to
the reduced disease pressure in 2016. The
effectiveness of C. minitans requires both
time and placement in close proximity to the
pathogen. One controlled C. minitans effi-
cacy study found a 35% reduction in the
incidence of S. sclerotiorum on lettuce
(Chitrampalam et al., 2010). Another study,
investigating biological control agents for S.
sclerotiorum on soybean found that C. mini-
tans reduced disease severity by 69% and the
number of sclerotia by 95% (Zeng et al.,
2012). Because of the wide host range of S.
sclerotiorum including many high-value hor-
ticultural crops, future investigations into the
efficacy of C. minitans under high tunnel
systems may be a valuable pursuit in regions
susceptible to the disease.

Overall, spring high tunnel air temperatures
were an average of 0.5 to 1.6 °C greater than the
field. On the coldest mornings of the experi-
ment, high tunnels maintained temperatures 3 to
5 °C greater than the field illustrating their
ability to mitigate cold temperatures. On the
warmest afternoons during the experiment, high
tunnels were only ~1.0 °C greater than the field.
These results challenge the assertion that high
tunnel systems are much hotter than the field
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Table 6. Mean romaine lettuce yields and days to harvest between the high tunnel and field systems.

Marketable Individual Total Nonmarketable
Marketable yield” marketable nonmarketable Bolting Tipburn Undersized Days to
Yr System yield (g/plot) (kg-ha™) head fresh wt (g) (%) (%) (%) (%) harvest
2015Y High tunnel 2,138 a* 13,984 a 418 a 355a 143 a 89a 123 a 48 a
Field 2,236 a 14,626 a 446 a 352a 125a 28a 199a S52a
2016 High tunnel 3,434 A 22,468 A 418 A 17.5 A 52A 10.0 A 24 A 50 A
Field 2,202 B 14,403 B 283 B 192 A 10.8 A 1.5A 69 A 57B

“The yield per hectare was estimated based on plot yields and estimate that 65% of the total land area was planted with a crop in high tunnels and field which was
representative of our experimental planting design.

YEach year was analyzed separately as indicated by the different sized letters.

*Values followed by the same letter are not significantly different within a column for each year, according to Tukey’s mean separation test (P < 0.05).

Table 7. Mean butterhead and romaine lettuce yields, days to harvest, and disease incidence among three spring planting dates (PDs).

Marketable Individual Total Nonmarketable
Marketable yield” marketable nonmarketable ~ Bolting  Tipburn  Undersized  Disease  Days to
Type Yr PD yield (g/plot) (kg-ha™) head fresh wt (g) (%) (%) (%) (%) (%) harvest
BHY 2015 PDI1 2,059 av 13,466 a 310 a 13a 0.6a 0.6a 124 a 182 a S56a
PD2 2,760 a 18,050 a 327a Ila 42a 3.1a 2.1a 69a 46 b
PD3 2,103 a 13,754 a 240 b 12a 1.5a 52a 52a 0.8a 42 ¢
BH 2016  PDI1 3,437 A 22,478 A 364 A 3A <1v <1v 25A 23A 55A
PD2 2,472 B 16,167 B 264 B 3A <1v 0.1v 25A 1.7A 51 AB
PD3 2,118 B 13,852 B 255 B 19B 3.4 6.3" 9.4 A 02 A 49B
RM" 2015  PDI 2,218 a 14,506 a 561 a 34a 6.5a 103a 169 a 21.0a 59a
PD2 1,595 a 10,431 a 347 b 45a 185a 31a 23.1a 6.2 ab 49b
PD3 2,747 a 17,965 a 3870 27 a 147 a 42a 82b 1.5b 42c
RM 2016 PD1 3,860 A 25,244 A 447 A 11 A 1.5A 54 A 42 A 3.6 A 61 A
PD2 2,540 B 16,612 B 310B 15A 59A 6.4 A 25A 38A 54 B
PD3 2,054 B 13,433 B 294 B 29B 16.6 B 55A 7.1 A 1.7A 46 C

“The yield per hectare was estimated based on plot yields and estimate that 65% of the total land area was planted with a crop in high tunnels and field which was
representative of our experimental planting design.

YBH = butterhead lettuce.

*Each year was analyzed separately as indicated by the different sized letters.
“Values followed by the same letter are not significantly different within a column for each year, according to Tukey’s mean separation test (P < 0.05).

YNot analyzed because of too few data points.
“"RM = romaine lettuce.

on warm, sunny days. The similarities between
our high tunnel and field systems may be
because air temperature sensors were at the
height of lettuce crop canopy which may be
cooler than taller points under the high tunnel.
Also, our high tunnels had 1.83 m tall side walls
and a 4.9-m wide end wall opening to maximize
the ventilation capacity. High tunnel manage-
ment protocols emphasized opening side walls
and end walls on warm, sunny days to maximize
the cross-flow ventilation. Attention to high
tunnel design and orientation to encourage
natural ventilation capacity may be a critical
for regions subject to many warm and sunny
days.

Overall, RH under the high tunnels was
~2% lower than the field. This may be due to
the slightly warmer high tunnel air tempera-
tures which could hold more moisture
compared with the field. This result is
similar to a study in the Midwestern region
that indicated high tunnels did not cause
a marked change in RH compared with the
field (Zhao and Carey, 2009).

During the growing season, the average
DLI in the field was within the mean normal
range (i.e., last 30 years) for the region
(Korczynski et al.,, 2002) yet the it was
reduced by 32% and 40% in the high tunnel
system compared with the field in 2015 and
2016, respectively. The reduction of DLI
level from 2015 to 2016 may have been
a result of plastic degradation (i.e., physical
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damage, ultraviolet damage, dust). Neverthe-
less, the amount of DLI entering the high
tunnels was consistently above the recom-
mended minimum light levels for lettuce
(>15 mol-m2.d™") (Runkle, 2011). Borrelli
et al. also noted a 27% to 36% reduction in light
level with a single layer of 0.15 mm ultraviolet-
treated greenhouse plastic roof (2013).

No consistent differences were discernible
among nonmarketable lettuce due to bolting or
tip burn among high tunnel and field systems.
This is in contrast to other studies that reported
greater levels of bolting in high tunnels compared
with field production (Wallace et al., 2012).
Minimal differences in maximum air and soil
temperatures between the two growing systems in
our study may have contributed to a lack of
differences in bolting or tip-burn in 2015. When
comparing the three PDs in 2016, the last PD
(PD3) did have a greater incidence of bolting
compared with PD1 in both growing systems.
This may be attributable to greater air and soil
temperatures, longer photoperiod, or both associ-
ated with later PDs (i.e., early vs. late spring).

Although it appeared that romaine lettuce
was more susceptible to both bolting than the
butterhead type this difference was primarily
due to one highly susceptible cultivar,
‘Freckles’. And while not conclusive, results
indicated that average night and daytime
temperatures consistently exceed optimal
lettuce crop production conditions during
the month of May and June in our region.

Therefore, exploring the heat and humidity
tolerance of different lettuce types as well as
methods to cool high tunnel microenviron-
ments would help optimize and extend the
lettuce growing season to meet the local and
organic market demand.

Later PDs resulted in a shorter crop cycle.
In 2015 and 2016, the average number of
days to harvest was 5-10 d longer for PD1
compared with PD3 for both the high tunnels
and field. This is related to the increasing
temperature, day-length or light intensity
over the spring growing period which
resulted in faster growth. A romaine lettuce
study compared multiple PDs also indicated
that lettuce grown during warmer parts of the
year needed fewer days to reach maturity due
to a quicker accumulation of heat units
(Dufault et al., 2006).

In conclusion, this study indicates that
high tunnel systems can help increase the
production potential of spring organic lettuce
and will not exacerbate bolting, tip burn, or
lettuce drop in butterhead or romaine lettuce
in Georgia. The results illustrate that disease
pressure and disorders related to heat or RH
will vary with yearly weather conditions.
Although different high tunnel structures
were not evaluated, optimized natural venti-
lation was shown to maintain relatively
similar environmental conditions (i.e., air
temperature and RH) on warm, sunny or
humid days.
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