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SumMmAaRry. Low and high tunnels and root-zone heating systems are proven tools in
horticultural production. However, impacts of their individual and combined
application on crop yield, composition, and microclimates are under-reported. We
set out to enhance the record of management strategy effects on abiotic environ-
mental conditions and cropping variables in open field and high-tunnel settings. In
each setting, raised bed plots were subsurface heated (underlain by electric heating
cables), aerial covered (0.8-mil, clear, vented, low tunnels), subsurface heated and
aerial covered, or unheated and uncovered (control). The study was repeated four
times in spring and fall seasons across 3 years in Wooster, OH. Red-leaved romaine
lettuce (Lactuca sativa ‘Outredgeous’ and ‘Flagship’) was direct seeded in all plots in
early October and late March and harvested after ~4 weeks. Subsurface and aerial
temperatures were monitored throughout the experiments. Here, we report
primarily on treatment effects on crop microclimate conditions, including temper-
ature and light, and related cropping variables. Subsurface and aerial temperatures
varied consistently with plot microenvironment management. Relative to control
plots, variability in shoot- and root-zone temperatures generally increased and
decreased, respectively, with the addition of low tunnels and electric heating cables,
regardless of setting. Still, the relative influence of aerial and soil temperature on
crop biomass appeared to differ by setting; aerial temperature correlated most
strongly with yield in the high tunnel, while the combination of aerial and root-
zone temperature correlated most strongly with yield in the field. Growing degree
day accumulation was least in control plots. And, the highest thermal energy to
plant biomass conversion efficiency was recorded in the high tunnel. Comparing
study-wide and historical climatic data collected in Wooster and other locations in
the region suggests that results reported here may hold over a larger area and longer
time frame in Wooster, OH.

icroclimates that surround
crops impact their yield and
quality. Therefore, micro-
climates are frequently manipulated
(Lamont, 2005; Oebker and Hopen,
1974), but with variable levels of
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sophistication and success. These ma-
nipulations often follow from knowl-
edge gained in tightly controlled
studies outlining the role of tem-
perature, light, humidity, and other
individual abiotic factors in shap-
ing the productivity and efficiency
of horticultural production systems.
However, reports from field research
tend to emphasize system effects on
yield over explanations of the micro-
climates or mechanisms responsible

(Tarara, 2000). Moreover, incomplete
descriptions of the microclimates that
prevailed during experiments leave
open the question—do the results
apply elsewhere? And, they constrain
the development of a more complete
understanding of plant responses to
their environment, however tightly
controlled. Both limitations must be
addressed with regard to root- and
shoot-zone temperatures and their
effects within low- and high-tunnel
systems, particularly those operating
during variable weather periods, char-
acteristic of spring and fall in the
Great Lakes region.

In contrast to the sophisticated,
active temperature control common
in modern greenhouse, “plant fac-
tory” and similar systems, tempera-
ture control in low and high tunnels is
passive and a function of solar radia-
tion (heat source), outside tempera-
ture, and ventilation. Low and high
tunnels are beneficial in the produc-
tion of many species in multiple cli-
matic regions (Carey et al., 2009;
Lamont, 2005; Lamont et al., 2003;
Waterer, 2003; Wells and Loy, 1985,
1993; Wien, 2009; Wittwer and Castilla,
1995), but they are not designed to
maintain temperatures within nar-
row ranges typical of actively con-
trolled systems. Though essential in
greenhouses, active aerial temperature
modification is less effective in tunnels
because of their design and is gen-
erally implemented only in short-term
low-temperature conditions (Lamont
etal., 2003). Active root-zone heating,
a proven benefit in greenhouse pro-
duction (Elwell et al., 1985; Shedlosky
and White, 1987; Trudel and Gosselin,
1982; Zeroni and Gale, 1987), may
also enhance the efficiency of tunnel
systems. However, it is incompletely
tested in these less controlled environ-
ments in temperate climates (Bumgarner
etal., 2011, 2012; Hunter et al., 2010;
Trudel and Gosselin, 1982). Root-zone

Units
To convert U.S. to SI, To convert Sl to U.S.,
multiply by U.S. unit Sl unit multiply by
0.3048 ft m 3.2808
0.0929 ft? m? 10.7639
2.54 inch(es) cm 0.3937
41.8400 langley(s) kJ-m™ 0.0239
0.0254 mil mm 39.3701
28.3495 oz g 0.0353
305.1517 oz/ft? g:m? 0.0033
(°F-32)+ 18 °F °C (1.8%°C) + 32
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heating can increase subsurface tem-
peratures more directly and with
greater control than the use of tun-
nels and /or mulches. That said, the
relative impacts of passive and active
aerial and root-zone heating within
low and high tunnels operating fall
and spring in a temperate climate
known for unpredictable solar radia-
tion levels are unclear.

The outcomes of combined ac-
tive and passive temperature control
techniques on microenvironments and
vegetable crops are also uncertain given
that combined systems are less often
studied than ones involving passive
modification alone (Diaz-Perez, 2009;
Nair and Ngouajio, 2010; Novak and
Albright, 1985; Soltani et al., 1995;
Wien, 2009; Wolfe et al., 1989). Given
economics and crop physiology, in-
corporating root-zone heating into
low- and/or high-tunnel systems
may present opportunities to tailor
microclimates to meet certain pro-
duction-quality targets, including for
short-cycling crops such as leaf let-
tuce (Bumgarner et al., 2011, 2012).
However, realizing that potential re-
quires a greater understanding of
management effects on crop micro-
climates that, in turn, influence yield
and quality.

Here, low and high tunnels un-
dergoing passive and/or active aerial
and root-zone heating were employed
to meet three objectives: 1) to describe
the temperature profiles within eight
microclimates established within a field
and high-tunnel setting, 2) to calcu-
late thermal energy accumulation and
estimate the efficiency with which
thermal energy was converted to let-
tuce biomass in these microclimates,
and 3) to compare historical and study-
period weather data collected in Wooster
and other sites as a first step in
estimating the probability that results
reported here will hold over larger
areas and time frames.

Materials and methods

SITE AND EXPERIMENTAL GROWING
sysTEM. This study consisted of root-
and shoot-zone microclimate modifi-
cation treatments tested concurrently
in duplicate outdoor and high-tunnel
settings in two spring and two fall
seasons (2008-10) at the Ohio Agri-
cultural Research and Development
Center (OARDC) in Wooster, OH, as
reported in Bumgarner et al. (2011).
Both experiments employed a split-plot
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design with four microclimate and
two cultivar treatments functioning
as main and subplot factors, respec-
tively. Eight wood-framed raised beds
(2 ft x 8 ft x 6 inches) contained the
four main plot microclimates: 1) un-
heated and uncovered control, 2)
subsurface heated with soil-heating
cable, 3) aerial covered with low tun-
nel, and 4) subsurface heated and
aerial covered. Within these main plots
were four subplots (2 x 2 ft) contain-
ing the two lettuce cultivars. Each of
the eight microclimate X cultivar treat-
ments was replicated four times in each
experiment for a total of 32 subplots.
In Fall 2008, one 13 x40 X 6-ft single-
layer 6-mil plastic tunnel was used,
while all subsequent high-tunnel ex-
periments were carried out in one
30 x 80 x 13-ft single-bay, gothic
style, single-layer, 6-mil high tunnel.
Both tunnels were ventilated manu-
ally through doors and /or sidewalls.

The growing medium consisted
of (v/v) 35% peat (Premier Horticul-
ture, Quakerstown, PA), 35% dairy
manure compost (OARDC), 15%
shredded organic red clover (77ifo-
linm pratense) hay (OARDC), and
15% silt loam field soil (OARDC).
Control plots consisted of unheated
and uncovered raised beds. Root zones
in treatments 2 and 4 contained a 40-ft
automatic electric heating cable (Wrap-
On Co., Bedford Park, IL) at ~3-inch
spacing and 4-inch medium depth,
which was triggered to function at
medium temperatures below 23 °C.
Treatment 3 main plots were covered
by a single layer of 0.8-mil slitted poly-
cthylene (Hummert International,
Earth City, MO) stretched across four
wire hoops to create an ~18 x 30-inch
low tunnel. Treatment 4 main plots
were polyethylene covered and cable
heated as described above.

BIOMASS DATA AND ANALYSIS.
About 1000 preweighed primed and
pelleted seeds of the two red-leaf
romaine lettuce cultivars, Outred-
geous (Johnny’s Selected Seeds,
Winslow, ME) and Flagship (Sham-
rock Seeds, Salinas, CA), were sown
on 9 Oct. 2008, 21 Mar. 2009, 10
Oct. 2009, and 15 Mar. 2010. Bio-
mass yield of a 2-ft*> section of each
plot was taken ~~4 weeks after seeding.
Yield data were analyzed separately in
field and high-tunnel settings in each
experiment as described in Bumgarner
ctal. (2011). Briefly, a Proc Univariate
(SAS version 9.2; SAS Institute, Cary,

NC) procedure was carried out to test
for normality on all data. Normally
distributed data were analyzed using
untransformed data, while data with
a nonnormal distribution were log
transformed. All analysis was then
performed using Proc Mixed. Micro-
climate was analyzed as a fixed effect,
and replications within years were
analyzed as random effects. Treat-
ment means were scparated using
a pdift difference statement at P <
0.05 when the fixed effects were
significant at P < 0.05. Means were
back transformed for inclusion in
tables. Yield data reported in this
manuscript will focus on microcli-
mate main effects representing both
cultivars. Relationships between bio-
mass, solar radiation, average tempera-
ture, and growing degree days (GDDs)
were analyzed and described using
Pearson correlation coefficients from
Proc Corr.

ENVIRONMENTAL DATA. Total so-
lar radiation was measured continu-
ously at the OARDC weather station
~3000 ft from the experimental site.
Additionally, photosynthetically ac-
tive radiation [PAR (LI250-A; LI-
COR Biosciences, Lincoln, NE)] and
ultraviolet (UV) radiation measure-
ments in the UV-A and UV-B regions
(IL1350 radiometer/photometer; In-
ternational Light, Peabody, MA) in
individual microclimates were taken
periodically at each experimental site.
Air and soil temperatures were recorded
continuously in each microclimate
plot at 30-min (Fall 2008 and Spring
2009) and 15-min (Fall 2009 and
Spring 2010) intervals using separate
data loggers (Hobo ProV2; Onset
Computer Corp., Bourne, MA). Aerial
and subsurface temperatures were mea-
sured using shielded sensors in each
main plot ~8 inches above and 1 to
1.5 inches below the media surface.
Temperatures from each main plot
were averaged to obtain daily treat-
ment means in each experiment.
GDDs (5 °C base) were then calcu-
lated from daily aerial and subsurface
temperature treatment means in each
experiment.

Results and discussion

Aerial and subsurface
temperature effects on key plant
processes

Temperature contributes to the
rate of biochemical reactions, espe-
cially those mediated by enzymes, in
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ResearcH REPORTS

Table 1. Correlations between biomass yield of leaf lettuce in field and high-tunnel settings and average aerial temperature,
average subsurface temperature, aerial growing degree days (GDDs) base 5 °C (41.0 °F), subsurface GDDs, total GDDs, and
total accumulated solar radiation (ASR) in Wooster, OH, in 2008-10.

Aerial temp  Aerial GDDs  Subsurface temp  Subsurface GDDs  Total GDDs  Total ASR”

Field Yield  0.60 (0.015)  0.65 (0.0065)  0.72 (0.0016) 0.75 (0.0009)  0.80 (0.0002) —0.19 (0.49)
High tunnel  Yield  0.60 (0.015)  0.68 (0.034) 0.47 (0.068) 0.53 (0.033) 0.64 (0.008)  0.39 (0.14)
“Accumulated solar radiations for specific microclimate treatments were calculated using daily solar radiation measurements taken by the Ohio Agricultural and Development

Center weather station (Ohio State University, 2012) and adjusted using average point PAR measurements from microclimate treatments.
YNumber in parentheses represents probability value of Pearson correlation coefficient (7), N = 16.
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230 Horflechnology * April 2012 22(2)

$S800R 98] BIA 0€-80-GZ0Z 18 /w0 Aiojoeignd-poid-swnid-yiewssiem-jpd-swid,/:sdiy wouy pepeojumoq



PAR by ~14%, 23%, and 33% rela-
tive to ambient, respectively. UV
light, reported to influence both crop
yield and composition (Tsormpatsidis
etal.,2008), was reduced under a high
tunnel by more than 60% and 90% in
the UV-A and UV-B regions, respec-
tively, relative to outdoor uncovered
plots.

AERIAL TEMPERATURE PROFILES.
Mean aerial temperatures tended to
be higher in covered than in uncov-
ered plots, regardless of setting (Fig.
1). And, soil heating appeared to have
little effect on mean shoot-zone tem-
peratures in uncovered plots; per-
haps, heat supplied beneath the soil
surface dissipated quickly above it.
Still, the mean value is only one aspect
of the temperature profile and a po-
tentially weak indicator of possible
plant responses to prevailing tempera-
tures. Indeed, cumulative-temperature-
based plant growth models incorporate
temperature variation using daily max-
imum and minimum values to calcu-
late GDDs (Diaz-Perez, 2009; Wolfe
etal., 1989). In the current work, the
aerial temperature range was usually
wider in passively heated (aerial cov-
ered) plots than in bottom heated
but uncovered plots or in unheated
and uncovered (control) plots (Fig.
1). Also, the fact that mean values
often exceeded median values indi-
cates that maximum air temperatures
were elevated more by shoot-zone
heating strategies than minimum
temperatures.

Temperature variability can also
be described by calculating the aver-
age difference between consecutive
logged values in each plot across
entire experiments. By averaging the
difference between temperature values
recorded at 30-min intervals, a single
number can be used to represent the
variability depicted in Fig. 1. Field
aerial temperature differentials (Fig.
2A) are larger and clearly more strongly
influenced by aerial covering than by
subsurface heating. A similar trend was
noted in the high tunnel (Fig. 2B);
however, the high-tunnel setting
tended to dampen the overall effect of
acrial covering on air temperature
differentials relative to the outdoor
setting.

SUBSURFACE TEMPERATURE
PROFILES. Mean soil temperature values
tended to increase by electric heat-
ing cables and low tunnels in outdoor
and high-tunnel settings (Fig. 3). This
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Fig. 2. Aerial temperature differentials from four microclimates in field (A) and
high-tunnel (B) settings in four leaf lettuce experiments in Wooster, OH, in
2008-10. Differential represents the mean =+ sg of the difference in absolute value
between consecutive data logger values representing 30-min intervals in all main
plots throughout the experiment. A lower value suggests a more consistent

temperature profile; (1.8 x °C) + 32 = °F.

effect was most pronounced when
cables were used in conjunction with
low tunnels (treatment 4). And, cable
use alone (treatment 2) tended to
increase root-zone temperatures more
than low tunnel use alone (treatment
3). Moreover, cable use demonstrated
a potential to reduce the variability in
root-zone temperature relative to the
treatments in which cables were not
used (Fig. 3). This trend was most
evident in both the field and high
tunnel when lower levels of solar radi-
ation led to limited increases in day-
time subsurface temperature.

Like aerial temperature differ-
entials, field subsurface temperature
differentials (Fig. 4A) tended to be
greatest in aerial covered plots. In
the field, subsurface heating in addi-
tion to aerial cover tended to reduce
subsurface temperature differentials
compared with aerial covering alone

in all experiments. This trend was
clearly observed in two of four high-
tunnel experiments (Fig. 4B). Less
ventilation of the high tunnel in Fall
2008 and Spring 2009 (Bumgarner
et al., 2011) may have muted temper-
ature variability and subsurface temper-
ature differentials across microclimates
in these experiments.

Plastic coverings applied as
mulches, low tunnels or rowcovers,
are commonly and effectively used to
increase soil temperature and heat unit
accumulation in horticultural systems
(Diaz-Perez, 2009; Moreno et al.,
2002; Nair and Ngouajio, 2010; Soltani
et al., 1995; Wolfe et al., 1989).
Still, data reported here underscore
that increases in soil and, possibly,
acerial temperatures may be lower and
more variable when only a plastic cov-
ering is used compared with when soil
heating is used alone or in conjunction
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Fig. 3. Subsurface temperature profiles from four microclimates in field (A) and
high-tunnel (B) settings in four leaf lettuce experiments in Wooster, OH, in
2008-10. Box plots represent fifth and 95th (dots), 10th and 90th (bars), 25th
and 75th percentiles (boxes), median (solid line), and mean (dotted line) of all
temperature values logged at 30- and 15-min intervals over the entire experimental
period. Numbers represent microclimate treatments: 1 = control, 2 = subsurface
heated, 3 = aerial covered, 4 = subsurface heated + aerial covered; (1.8 X °C) + 32 = °F.

with a plastic covering such as a low
tunnel (Figs. 1-4). Passive heating (heat
entrapment) hinging on solar radiation
is less consistent and predictable than
active heating provided via electric
cables, warm water lines, or other
approaches. Soil temperature is a key
factor in lettuce emergence and early
growth (Bierhuizen and Wagenvoort,
1974; Krug, 1997; Wien, 1997, Scaife,
1973), and active root-zone heating
can facilitate both, especially when
ambient temperature and solar radia-
tion levels are low (Bumgarner et al.,
2011, 2012). Warmer root-zone tem-
peratures may stabilize plant growth
processes when cooler air tempera-
tures would otherwise disrupt them
(Zeroni and Gale, 1987), but this
hypothesis is largely untested in tunnel
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settings. Should the data continue to
suggest that root-zone heating has
separate and unique impacts on crop
physiology important to growers, in-
vestments in scalable approaches to
root-zone heating may be more ap-
pealing to incorporate with existing
aerial covering systems.

Thermal energy: its accumulation
and conversion to lettuce leaf
biomass in low and high tunnels
Thermal time, heat unit, or GDD
calculations can help describe or predict
cumulative, growth-related outcomes
associated with continuous exposure
to biologically relevant, crop-specific
temperatures (Diaz-Perez, 2009;
Villordon et al., 2009; Waterer, 2003;
Wolte et al., 1989). In so doing, GDDs

and related calculations bridge physical
and crop science. These calculations are
typically based on air or soil tempera-
tures only. Here, we employed a 5 °C
base temperature in calculating soil and
aerial GDDs, in part to compare the
relative associations between average
temperature and GDD values as in-
dependent variables and yield as the
dependent variable.

Yield and microclimate tempera-
ture values reported here and pre-
viously (Bumgarner et al., 2011) were
positively related, regardless of season
or setting (Table 1). GDDs tended to
be more strongly correlated with yield
than average temperature values in
both experimental settings. In the
high tunnel, aerial GDDs correlated
most strongly with yield; yield associ-
ations with soil GDDs were signifi-
cant but numerically lower. In the
outdoor setting, total GDDs (Table
1) registered the highest correlation
with lettuce biomass. Correlations
with average soil temperature and soil
GDDs were intermediate but greater
than correlations with average aerial
temperature and aerial GDDs. These
relationships in outdoor plots are
reasonable given that lettuce growth
is heavily influenced by the tempera-
ture of the growing point that re-
mains close to the soil and, thereby,
affected more by shallow soil than
air temperature (Scaife, 1973; Wien,
1997).

The effectiveness or efficiency of
heating strategies could be defined in
part by the ratio of cumulative ther-
mal energy applied to growth ob-
served. Such calculations could be
made for various crop stages and units
of time. Here, we combine yield (grams
per square foot) recorded 4 weeks
after sowing and aerial and subsurface
GDDs into grams per GDD to esti-
mate the efficiency of the conversion
of heat units to marketable yield out-
doors and in the high tunnel (Table
2). In both settings, grams per GDD
values were generally greater in mod-
ified than control microclimates.
Also, grams per aerial GDD values
tended to be higher than grams per
soil GDD values. However, it is im-
portant to note that grams per aerial
GDD tended to be greater when
root-zone heating was applied, and
this was most apparent in the field
setting. These results suggest that a syn-
ergy involving simultaneous increases
in aerial and subsurface temperature,
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Fig. 4. Subsurface temperature differentials from four microclimates in field (A)
and high-tunnel (B) settings in four leaf lettuce experiments in Wooster, OH, in
2008-10. Differential represents the mean = sE of the difference in absolute value
between consecutive data logger values representing 30-min intervals in all main
plots throughout the experiment. A lower value suggests a more consistent

temperature profile; (1.8 x °C) + 32 = °F.

inseparable in these calculations, may
be at work. This speculation is sup-
ported by other authors who have
reported that the utility of soil heating
is linked with levels of other factors,
such as light and aerial temperatures
(Trudel and Gosselin, 1982; Zeroni
and Gale, 1987).

In the outdoor setting, grams
per GDD calculations illustrate that
the conversion of both aerial and soil
GDD units into plant biomass was
less efficient in the field than in the
high tunnel in most plots (Table 2).
However, it is apparent that in some
outdoor experiments, the combina-
tion of root- and shoot-zone heating
resulted in grams per GDD efficien-
cies similar to some high-tunnel
microclimates. Therefore, concurrent
modification of root- and shoot-zone
temperatures may be the most viable
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approach for producing a direct-
seeded baby leaf lettuce crop out-
doors under conditions experienced
in this study. The separate and com-
bined value of passive aerial and active
root-zone heating should be investi-
gated in high tunnels, especially since
relative yield gains in modified envi-
ronments were influenced by ambient
conditions.

While temperature was the focus
of this study, it alone does not shape
lettuce yield or quality. Other envi-
ronmental factors, such as light, also
have major roles in this process. Fur-
thermore, temperature profiles and
solar radiation levels can be closely
associated. Although monitored less
vigorously than temperature in this
study, the light readings recorded
beneath low and high tunnels help
illustrate system eftects on yield. For

example, higher solar radiation levels
contributed to increased GDD accu-
mulation under low and high tunnels
(relative to GDD accumulation in
control plots) in Spring 2009 com-
pared with lower relative increases in
GDD accumulation in Fall 2009 with
lower ambient solar radiation.

Light may most affect lettuce
growth when other factors, such as
temperature, are less limiting (Wien,
1997). Here, as noted previously
(Moreno et al., 2002; Nair and
Ngouajio, 2010), yield was greatest
in plots in which measured PAR
levels were lowest, suggesting that
temperature may have been more
limiting to growth than light. Greater
growth in warmer but dimmer mi-
croclimates could follow from an
increased rate of reactions driving
growth (Campbell, 1977; Krug, 1997)
and/or reduced photoinhibition
(Heatherington et al., 1989). Using
correlations from the separate field
and high-tunnels experiments, both
average temperatures and GDDs ap-
peared to have a stronger impact on
yield than light (Table 1). In contrast
to the field (» = -0.19), the correla-
tion (7 = 0.39) between light and
yield was positive in the high-tunnel
setting where temperatures may have
been less limiting. However, neither
correlation was statistically signifi-
cant (Table 1). These correlations are
based on cumulative data; therefore,
they are incomplete indicators of
whether light was limiting in specific
instances. The correlations suggest
that, overall, light is unlikely to have
been the most consistently limiting
factor (Elwell et al., 1985). A more
complete description of solar radia-
tion and physiological measures, such
as chlorophyll fluorescence and CO,
assimilation, is needed to further
celucidate the relationships between
plant productivity, light, and shoot-
and root-zone temperature in these
settings.

Study-period-specific and
georeferenced historical
temperature and light data:
shaping the scope of inference of
project conclusions and
management recommendations
Reliable recommendations for
managing crop microclimates hold
across locations and seasons. Develop-
ing such recommendations requires
testing microclimate—crop relationships

233

$S800R 98] BIA 0€-80-GZ0Z 18 /w0 Aiojoeignd-poid-swnid-yiewssiem-jpd-swid,/:sdiy wouy pepeojumoq



ResearcH REPORTS

Table 2. Lettuce shoot fresh weight and aerial and subsurface growing degree days [ GDD; 5 °C (41.0 °F) base] conversion
efficiency measured ~4 weeks after sowing in field and high-tunnel setting raised beds containing red romaine leaf lettuce in

Wooster, OH, in 2008-10.

Mean shoot fresh wt (g/ft?), aerial GDD conversion efficiency (g/ft> per GDD), and subsurface GDD conversion efficiency

(g/ft> per GDD)*
Fall 2008 Fall 2009 Spring 2009 Spring 2010
Field
Control Shoot fresh wt 29 4.0a 2.0a 26a
Acrial GDD conversion efficiency 0.02 0.03 0.02 0.02
Subsurface GDD conversion efficiency 0.02 0.03 0.02 0.02
Subsurface heated Shoot fresh wt 23.3b 10.3 b 10.3b 75b
Aerial GDD conversion efficiency 0.15 0.08 0.10 0.04
Subsurface GDD conversion efficiency 0.06 0.03 0.03 0.02
Aerial covered Shoot fresh wt 219b 14.3 ¢ 224 ¢ 9.7b
Aecrial GDD conversion efficiency 0.12 0.09 0.14 0.05
Subsurface GDD conversion efficiency 0.10 0.07 0.11 0.05
Subsurface heated + aerial covered  Shoot fresh wt 75.0 ¢ 51.3d 89.1d 374c¢
Aerial GDD conversion efficiency 0.34 0.26 0.45 0.17
Subsurface GDD conversion efficiency 0.16 0.10 0.19 0.09
High tunnel
Control Shoot fresh wt 113.1 21.7a 108.0 a 42.8a
Aerial GDD conversion efficiency 0.44 0.13 0.55 0.22
Subsurface GDD conversion efficiency 0.35 0.10 0.42 0.18
Subsurface heated Shoot fresh wt 111.2 450D 159.6 b 67.9b
Aerial GDD conversion efficiency 0.43 0.27 0.78 0.34
Subsurface GDD conversion efficiency 0.19 0.12 0.33 0.17
Aerial covered Shoot fresh wt 135.5 48.1b 1945 ¢ 92.2¢
Aerial GDD conversion efficiency 0.45 0.22 0.66 0.35
Subsurface GDD conversion efficiency 0.38 0.19 0.59 0.32
Subsurface heated + aerial covered  Shoot fresh wt 119.5 824 c 2143 ¢ 131.7d
Aerial GDD conversion efficiency 0.32 0.30 0.62 0.47
Subsurface GDD conversion efficiency 0.20 0.18 0.36 0.30

“Grams per aerial GDD and grams per soil GDD calculated by dividing leaf lettuce yield (grams per square foot) by respective aerial and soil GDD for each microclimate in each
experiment; 1 g/ft* = 10.7639 g-m™ = 0.0353 oz/ft>.
YMeans within settings and experiments followed by the same letter are not significantly different by a pdiff difference statement at P<0.05 in Proc Mixed (SAS version 9.2; SAS

Institute, Cary, NC).

across space and time, a challenging
and resource-intensive process. Com-
paring abiotic conditions recorded
during an experiment to historical
weather data may aid in this pro-
cess in three ways. First, it may help
establish the probability of achieving
similar results at other times and lo-
cations. Second, when coupled with
yield data, the same exercise may
help identify the relative influence
of various factors (e.g., temperature,
light) on system productivity at given
locations and over specific periods.
And, third, identifying yield-limiting
factors may assist farmers in target-
ing investments designed to correct
them.
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Figure 5 depicts historical and
experimental period ambient GDDs
for OARDC in Wooster, OH (OARDC
Weather Station, lat. 40.78°N); Alma,
MI [National Climatic Data Center
(NCDC) Station 200146, lat. 43.23°N];
and Frankfort, KY (NCDC Station
153028, lat. 38.14°N). Alma, MI,
and Frankfort, KY, are each =~2.5°
north and south latitude, respectively,
of an east—west transect set by Woos-
ter, OH. We draw the following
tentative conclusions from Fig. 5.
First, GDD accumulation (pattern,
total) was similar to historical trends
in Wooster in two of four experimen-
tal periods (Fall 2008 and Spring
2009). This outcome suggests that

results reported here are somewhat
likely to recur there in similarly man-
aged systems. And, second, given that
historical trends in Michigan and
Kentucky generally fall within the
variability recorded during the pro-
jectin Wooster, we hypothesize that
temperature and light effects at
those locations may mirror those in
Wooster.

Collectively, these data suggest
that the relative value of both shoot-
and root-zone microclimate manage-
ment in high-tunnel and outdoor
settings should be more thoroughly
examined, especially as they may be
applied in producing a short-season,
cool-tolerant crop such as lettuce in
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Fig. 5. Experimental period and average spring (A) and fall (C) solar radiation accumulation and spring (B) and fall (D) aerial
growing degree days [GDD; 5 °C (41.0 °F) base] as calculated for Wooster, OH, Alma and Ithaca, MI, and Frankfort, KY.

Experimental period GDD were calculated from data gathered in this study. Historical GDD were calculated using data from
Wooster, OH collected by the Ohio Agricultural Research and Development Center (OARDC) weather station (lat. 40.78°N;
The Ohio State University, 2012) for 1982-2011 and 1971-2000 National Climatic Data Center (NCDC) data for Alma, MI
(lat. 43.23°N; Station 200146), and Frankfort, KY (lat. 38.14°N; Station 153028); (1.8 X °C) + 32 = °F. Accumulated solar
radiation (ASR) data in langleys (Ly) were obtained from the OARDC weather station (2002-11) in Wooster, OH. Solar

radiation data for KY and MI were obtained from stations nearest to the Frankfort, KY and Alma, MI, NCDC weather stations.
Frankfort solar radiation data were calculated from 2009-11 data (lat. 38.12°N; Western Kentucky University, 2012). Solar
radiation data from Ithaca, MI, approximately six miles from Alma, were calculated from 2002-11 data (lat. 43.32°N; Michigan
State University, 2012); 1 Ly = 41.8400 kJ-m~2.

transitional seasons. High tunnels alone
can increase soil temperatures benefi-
cially (Both et al., 2007; Knewtson
etal., 2010), so commercial application
of root-zone heating should maintain
efficiency by avoiding overinvesting
and producing temperatures higher
than necessary, as has been suggested
in previous leafy crop production un-
der lower light conditions (Hicklenton
and Wolynetz, 1987). In our high
tunnel, cables combined with solar
radiation may have increased root-zone
temperatures more than needed to
spur growth in some experiments
(e.g., Fall 2008), thereby reducing
efficiency. Further testing should in-
volve greater control over the level,
timing and /or duration of root-zone
heating than possible here especially
since temperature effects vary with
crop growth stage. Future studies could
incorporate crop microclimate, crop
yield, and georeferenced, real-time,
and historical climate data to help
identify optimal aerial and/or root-
zone heating strategies that result in
more predictable outcomes, especially
in low- and high-tunnel settings.
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