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A B S T R A C T

Thermal energy conservation and heat management of the crop growth environment inside high tunnels (HTs)
can provide high production efficiency and better yield with low operation cost, hence extending the growing
seasons and increasing the sustainability of organic farming. This study assessed the beneficial effects of in-
dependent and combined practices on temperature changes inside the HT systems located in eastern Tennessee
and further examined the impact of temperature changes on crop production. Specific practices included
mulching (polyethylene and biodegradable plastic films and vegetative), row covers, cover crops, and irrigation
with collected rainwater or city water. Sweet pepper (Socrates) was grown in the spring seasons of 2011, 2013
and 2015, and statistical differences were analyzed in a randomized complete block design (RCBD) for total
marketable yield regarding pepper weight and fruit number per plant, as well as the changes in soil and air
temperature. The employment of black polyethylene mulch produced the highest pepper yield by warming the
soil, but not excessively, during the day when compared with clear polyethylene mulch. While the black bio-
degradable mulch did not generate as much soil warming as black polyethylene, its total marketable yield was
statistically similar to that for the latter mulch treatment. Also, row covers continuously provided protection
from freezing during the cold nights; but, black polyethylene can act alone as an insulator of soil, evidenced by
soil temperature and crop yield results. Cover crops allowed for greater heat transfer to soil and increased soil
temperatures, but lead to reduced overall yield. Rainwater irrigation not only enhanced water conservation, but
also it warmed the soil and tended to increase the overall pepper production, because rainwater was warmer
than municipal water except when the pepper were first transplanted in the cold early spring period.

1. Introduction

Fruit and vegetable producers are becoming increasingly interested
in organic farming because organic products can bring 10–30% more
income at local markets. Both producers and customers consider or-
ganic fruits and vegetables to be more flavorful and healthy, at the same
time they are more beneficial to the environment than the conventional
growing systems (Pérez-López & López-Nicolas, 2007). Protected agri-
culture, such as greenhouses and high tunnels, have become an im-
portant strategy for organic production as they can significantly extend
crop-growing seasons, which allow harvesting during what are tradi-
tionally the off-season periods when prices are higher. Organic pro-
duction under protection may be particularly important to the profits of
small-scale growers who market produce directly to customers. In the

United States, vegetable production under either glass or other pro-
tections totaled 182 ha at a cumulative value of over $75million in
2014; peppers accounted for 7% of that total (USDA, 2014).

Crop yield and profitability for both organic and conventional
production can potentially be increased by better heat management in
high tunnels (HTs). Typically, greenhouses have fully automatic ven-
tilation and heating/cooling systems; but, fuel or electricity may ac-
count for approximately 30–50% of the total production cost (Wang
et al., 1999); while the use of HTs can be more profitable and sus-
tainable than greenhouses because renewable solar energy can replace
the primary heat source. HTs made from clear plastic films also provide
many of the benefits of greenhouses with significantly lower capital and
operating cost. First, the plastic covers are capable of affecting the
property of spectral light reaching the foliage by absorbing ultraviolet
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radiation at 340 nm and can reduce the incident and severity of some
specific plant diseases, such as gray/white mold by inhibiting spor-
ulation (Gullino et al., 1999). Secondly, HTs have become widely used
for organic production by protecting crops from potentially damaging
weather conditions such as frost, temperature fluctuations, and ex-
cessive precipitation. Surveys performed in Tennessee by Wszelaki et al.
(2013) reported that in 2011, hail severely damaged the open field
crops, but HTs production was successfully protected. As a result, HTs
increased the overall marketable yield of strawberries by over three fold
of that grown outdoors. In addition, HTs shift plant growth timing to
coincide less with natural pest cycle and provide a barrier to inhibit
entry of pests or weed seed. Another advantage of this system is the
ability to create an inhospitable plant-growth environment before
planting by the process of soil sanitation. By closing all the vents and
withholding irrigation during the hottest periods of summer season,
weed growth can be limited and soil-borne plant pathogens can be re-
duced under the excessively high temperature and dry soil conditions
(Katan, 1981). All of the cost-effective and sustainable aspects of HT
production are attractive to organic growers. Since 2010, USDA’s Nat-
ural Resources Conservation Services (NRCS), under the Environmental
Quality Incentives Program (EQIP) has provided cost-share funds for
nearly 2500 tunnels in 43 states (NRCS, 2014), and continues to offer
financial assistance to help producers install HTs up to 202.34m2. The
climate of Tennessee allows cool-season crops to be grown in mid-
winter with a HT, while also significantly extending the growing sea-
sons for warm-season crops. As such, the Agricultural Enhancement
Program of Tennessee provides Tennessee producers cost-share for
long-term investments in HT production.

Although HTs are advantageous to organic vegetable production,
several factors limit their sustainability. First of all, the HT structure
blocks rainfall; thus, groundwater or other local water resources are
used to replace rainwater for crop irrigation. However, many areas
around the world face water supply shortage due to rapid population
growth and climate change (Coombes & Barry, 2007; Mendez et al.,
2011). Thus, instead of developing an irrigation system that consumes
existing water and energy resources, rainwater can be collected, stored
and used inside the HTs as a rainwater harvesting system (RHS). Also,
rainwater is free of pollutants, minerals, and other natural and human-
made contaminants. Ultimately, RHS saves water, prolongs the period
of moisture availability, and enhances horticultural crop productivity.
However, there is limited research investigating how RHS water affects
soil temperature through a HT irrigation system and further impacts
crop productivity. This study proposes that rainwater collected and
enclosed inside of black polyethylene RHS tanks can be warmer than
other water resources including groundwater and local treated water,
via capturing solar energy. When the warmer rainwater is transferred to
the soil through drip irrigation, it in turn modifies the soil temperature
in a significant way, especially in cold climates and can further accel-
erate crop development in HTs.

Another limitation to production in HTs is their insulating ability. In
cold climates, the thin plastic cover of HTs does not offer enough in-
sulation to retain a favorable temperature for maximum crop growth.
This is especially true at night since HTs allow the inside temperature to
drop close to the outside temperature even though daytime tempera-
tures inside are elevated early and late in the season. However, surface
mulching and row covers are approaches that may counteract heat loss
in the HT soil that do not require a direct energy input. Polyethylene
plastic mulches are commonly used to provide more sustainable and
healthier soil conditions in the open fields (Kasirajan and Ngouajio,
2012). This practice is not only for alleviating soil crusting, and con-
trolling weeds, but also to significantly influence the microclimates

around the plants by modifying the radiation budget of the surface and
improving water conservation (Liakatas et al., 1986). Mulch colors are
considered to have significant impact on the microclimates around
plant-root areas because soil temperature under the mulches largely
depends on the thermal properties (reflectivity, absorptivity or trans-
mittance) of a particular mulch material to capture solar radiation
(Schales and Sheldrake, 1963). Ham et al., (1993) reported that black
and clear plastics increase the soil temperature 2–3 °C and 5–8 °C, re-
spectively during the day, compared to bare ground in open fields. In
another outdoor experiment of Nimah (2005), the highest soil tem-
perature was obtained under clear polyethylene, then black poly-
ethylene and finally bare ground. Also, in a plastic tunnel, Iqbal et al.,
(2009) reported that peppers mulched with black plastics showed sig-
nificantly better growth in plant height and leaf area; while clear plastic
significantly increased soil temperature and reduced the number of
days to first flower compared to black plastic and bare ground. Tomato
production in HTs was observed to be increased approximately 25%
using clear plastic mulch in the first four harvests, with 2–4 °C increase
in soil temperature (Arin and Ankara, 2001).

Moreover, biodegradable mulch can be applied to the ground sur-
face as an alternative thermal protection to polyethylene plastic mulch
for HTs (Kapanen et al., 2008). Biodegradable mulches are composed of
aliphatic polyesters or starch–polymer blends, and soil microorganisms
transform them into CO2 and CH4, water and biomass, in order to
eliminate film removal and plastic disposal problems (Kasirajan and
Ngouajio, 2012). Like polyethylene mulching, biodegradable films are
also affective at raising soil temperatures and suppressing weeds com-
pared to bare ground, and contribute to crop growth rates and im-
proved yields (Greer and Dole, 2003; Miles et al., 2012). Despite the
similarity, the mechanical resistance of biodegradable mulches are
lower than those made of polyethylene, which make them deteriorate
faster during the growing season (Ngouajio et al., 2008; Waterer, 2010);
however, Sarnacke and Wildes (2008) reported the material cost of
biodegradable film is 2–3 times higher than that of standard poly-
ethylene mulches without considering removal expenses. However, the
biodegradable mulches can be potentially tilled into the soil after crop
harvest. In contrast, polyethylene mulches need to be retrieved (re-
quired for organic agriculture), which is a major labor costs. Therefore,
biodegradable mulching can help the farmer by reducing labor costs.

In field tests of biodegradable films, overall crop marketable yield
varied across climates. Moreno and Moreno (2008) observed that the
outdoor use of biodegradable mulches did not significantly affect
overall tomato yield and fruit quality in Central Spain. Olsen and
Gounder (2001)’s study in Australia also showed that although poly-
ethylene and biodegradable mulches create a slightly higher soil tem-
peratures than paper mulch, there was no significant difference in
pepper production. Miles et al. (2012) reported increased tomato yield
using biodegradable mulching compared to bare ground in north-
western Washington, USA.

Floating row covers create a thin insulating layer around the crop,
which is another method to provide protection from wind and frost and
increase canopy and soil temperature on cold nights. Research on the
use of row covers began at the University of Kentucky in the 1950s
(Emmert, 1956). Wells and Loy (1985) reported that row covers offered
approximately 2–3 °C of thermal protection when the ambient air
temperature is near-freezing, and this practice is more effective when
the soil is warm. Therefore, many studies show that under field con-
ditions, mulching in combination with row covers significantly im-
proved early and total yields of horticultural crops by increasing soil
moisture, air and soil temperature, thus creating a favorable micro-
climate for crop growth (Ibarra-Jiménez et al., 2004). Since the use of
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row covers may damage plant tissue outdoors with movement caused
by wind, there are limited studies on expanded applications of row
covers and HTs. Wells (1998) reported that in a high tunnel, row covers
accentuate extension of the fall season due to a significant amount of
heat stored in the soil as compared to spring. A layer of light row cover
has the capacity to protect pepper and tomato plants from ambient air
temperature down to about -3.8 °C, which is more than twice the pro-
tection afforded by row covers in the spring. In addition, row covers can
hinder insect pests from reaching the crop if the row cover edges are
secured by soil while the semi-enclosed environment of HTs excludes
larger pests. For maximum insulation, there is a need for more studies
on the effects of row cover and different colored plastic/biodegradable
mulches on HT production.

The last limitation to be examined is related to the increased
cropping and higher soil temperatures in high tunnels. Both factors
have the potential to limit the accumulation and decomposition of soil
organic matter and negatively impact soil water and nutrient holding
capacity. One important solution is to supplement soil organic matter
with organic amendments; but, organic matter may still need to be
collected, processed and transported to HTs requiring energy at each
step. Pre-planting a cover crop inside HTs is an energy efficient way to
promote soil fertility, along with a potential added benefit of enhanced
crop performance. While legume cover crops have the ability to fix
nitrogen, there can be a positive impact on crop yield by either in-
corporating crop residue into the soil or leaving it on the ground sur-
face. The mixture of cover crop residue with surface soil can accelerate
the residue’s decomposition to provide nitrogen, increase the infiltra-
tion rate, and alleviate soil compaction. On the other hand, cover crop
residue left on the soil surface may reduce weed germination and es-
tablishment due to the modification of solar radiation and light trans-
mittance (Teasdale and Daughtry, 1993). Due to decreased transmitted
sunlight, daily maximum soil temperature was reduced correspondingly
under vegetative mulch as shown by Liebman and Davis (2000), which
may increase the overall yield of summer crops. Also, this vegetative
mulching can be expected to work better for early-season weed sup-
pression than full-season weed control (Teasdale, 1996). However, the
effects of cover crop residues incorporated into the soil and then cov-
ered by different colored plastic mulches are still limited under HT
systems.

Overall, various agricultural practices can be incorporated in dif-
ferent combinations to modify the microclimate inside the HTs, and
better monitoring practices offer producers data to help them better
manage their operations. As an innovative HT system, instead of de-
veloping an irrigation system that consumes existing water and energy
resources, rainwater was collected, stored, and distributed using gravity
or renewable solar power inside HTs. In place of heaters, surface

mulches and row covers were utilized to increase soil and air tem-
perature by increasing absorption of solar radiation and reducing
nighttime heat loss without electricity or fuel consumption. As an al-
ternative to importing organic fertilizer, legume cover crop residue was
incorporated to add organic matter and nitrogen for crop enhancement.
Because only a few studies investigated the previous mentioned prac-
tices, this project focused on small to mid-size HT producers who
wanted to increase their profitability with low input sustainable ap-
proaches that also improved crop production and quality. Therefore,
the primary objective of this research was to assess the beneficial effects
of independent or combined practices based on energy conservation
(temperature) as well as the effects on crop yield in HT systems. Specific
aims were as follows:

(1) Determine HT impacts on inner microclimates such as air and soil
temperature, solar radiation, wind speed, and relative humidity
when compared to the outdoor conditions;

(2) Determine the effects of soil surface mulches (polyethylene or
biodegradable plastic film, or vegetative) alone or combined with
floating row covers during cold periods, on changes of soil and air
temperatures, and further examine the impact of temperature
changes on marketable yield of pepper grown inside HTs;

(3) Investigate the effects of different soil surface mulches combined
with each irrigation type (rain and municipal) on the changes of soil
temperature, and further examine the impact of soil temperature on
marketable yield of pepper grown inside HTs; and

(4) Determine changes in soil temperature by incorporating cover crop
residues into the soil and polyethylene mulching as compared to
standard mulch practices, and further examine the impact of soil
temperature on marketable yield of pepper grown inside HTs.

2. Material and methods

2.1. The Gothic type high tunnel

This experimental HT is a commercial gothic building constructed
with a peaked roof and vertical side walls. The three structures are
covered with 200 um thick single layer polyethylene sheeting, or-
ientated N-S, and located at the University of Tennessee’s Organic Crop
Unit in Knoxville, TN in the United States (lat 35.88 °N, long 83.93 °W,
elev 252m). These HTs are approximately 9.1m in width and 15.2m in
length (139m2), equipped with two types of natural ventilation: 1)
sliding doors that cover an opening 2.45m tall and can be adjusted
from 0 to 3.35m wide, with one door at the northern end and another
one at the southern end; 2) side curtains that can be opened along the
whole length of the structure by rolling up the lateral film. However,

Fig. 1. High tunnel with rainwater catchments and poly storage tanks (Shawn Shouse 2012).
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the side curtains were generally only opened during warm weather
when maximum ventilation was required. During cooler times of the
year, the side curtain and sliding doors were closed at night to retain
heat, and only the doors were opened during the day because minimal
ventilation was required. According to the USDA soil survey, soil at the
study site is classified as a Dewey silt loam. These soils have around
15 cm of silt loam overlying deep clay subsoil. The slope at the study
site is 6–7%, and the soil is somewhat eroded. These three experimental
HTs have been managed organically since 2010, but this study of sweet
peppers (‘Socrates’) was conducted just over spring seasons in 2011,
2013 and 2015. All pepper transplants were grown in a greenhouse at
the Organic Crop Unit, and the peppers were transplanted on March 24
(2011), March 27 (2013), and March 20 (2015). There were six beds
laid out in each HT, and each bed was 14m long by 0.9m wide with
double rows planted in each bed. Transplants were spaced 0.46m apart
within each planting row and the double planting rows were spaced
0.3 cm apart. Each bed was divided into four plots with 12 plants in
each plot totaling 48 plants per row. (Fig. 1)

2.1.1. Spring 2011
This was a pilot project. In each HT, there were six different surface

mulches and two sources of irrigation water. The twelve treatments
were replicated and randomized in all three HTs following a split-plot
design. Fig. 2 (a) shows that there were five surface mulches compared
with a bare soil control: 1) a compostable black geotextile prepared via
spunbond nonwoven technology (spun), 2) vegetative mulch from a
cover crop (veg), 3) black polyethylene (black), 4) clear polyethylene
(clear), 5) biodegradable black “biobag” film (biobag). Specifically,
biodegradable biobag mulch is a commercial film-based mulch formed
from starch-copolyester blend (BioAgri, BioBag, Palm Harbor, FL) and
spunbond nonwovens technology which can accelerate biodegradation
due to the small fiber size (Hayes et al., 2010). The other biodegradable
spun mulch was prepared from 100% (corn-derived) poly (lactic acid)
and 85% poly (lactic acid) / 15% poly (hydroxybutyric acid). For the
vegetative mulch treatment, a cover crop (cereal rye) was planted in
January when sweet peppers were not being produced, and then cut
and left as a cover crop residue on the ground as organic surface mulch.
Polyethylene black and clear mulches (Rain-Flo Irrigation, Inc.) were
characterized as 0.032mm embossed types. In-season breakdown of the
biodegradable mulches was incomplete so that both the polyethylene
and biodegradable mulches were manually removed after the pepper
harvest. In addition, two types of water for HT irrigation (rainwater &
city water) were randomly arranged among the surface mulches.
Rainwater was harvested using a system designed to direct water off the
roofs, and then gutters directed the water into black polyethylene tanks
that are sized to store 55 cm3 of water per square meter of the HT
surface area. Also, rainwater was applied to the vegetable crops by two
methods: gravity pressure and solar power. In the first house, the
rainwater storage tanks were elevated with cinder blocks to provide low
gravity pressure that supplied in-line drip tubing (Rivulis Hydrogol
16mm-40mil-1.6 l/h-40 cm); and in the other two houses, a solar
powered pump provided irrigation via drip tapes (T-Tape 508-12-450)
that operated at a pressure of 10 psi. The gravity and solar system were
operated for different lengths of time to apply the same amount of
water for each irrigation event. In each HT, only half the house was
irrigated using stored rainwater, while the other half used treated city
water. Depending on the time of year, if enough rain had not fallen to
adequately replenish the tanks, city water was added to the tanks in
measured amounts. Partially-composted poultry litter was applied in
the late fall of 2010 to supply crop nutrients. Drip tubing/tapes covered
with the different surface mulches were laid out one week before

peppers were transplanted (March 24, 2011), and mature fruits were
harvested for six consecutive weeks starting on June 14 and ending on
July 18.

2.1.2. Spring 2013
Since the project received additional funding via a Conservation

Innovation Grant (CIG, USDA-NRCS), the experimental design in 2013
was partially adjusted from 2011 by adding two practices (cover crop
and row cover). Thus, the biodegradable mulches biobag and spun were
removed and replaced by polyethylene black and clear films following
cover crop incorporation (blackCC and clearCC). The cover crops were
mixed with cereal rye (Secale cereale) and bell bean (Vicia faba) planted
in winter 2012. However, the cover crops failed to either germinate or
reach maturity probably due to the unfavorable growth temperature
inside the HTs. Thus, external cover crop biomass was imported and
tilled into the soil for the treatments using cover crops that were fol-
lowed by polyethylene mulches (blackCC and clearCC) while the cover
crop treatment without polyethylene mulch (veg) was left as crop re-
sidue on the ground as a vegetative mulch. The final aspect of the de-
sign added, a 7.5 by 9m row cover placed over half of each HT covering
half a length of the mulch rows. Row covers were typically used at
nights when the inside minimum temperature dropped more than 5 °C
below the optimum growth temperature of sweet peppers (18 °C).
Therefore, Fig. 2 (b) shows that there were a total of 24 treatments in
the spring of 2013. It included two water resources, five surface mul-
ches (black, veg, blackCC, clearCC, clear) and a bare ground control, with
or without a row cover. All the treatments were replicated and rando-
mized in three HTs following a split-split plot design. No extra fertilizer
was added to the cover crop treatments, but organic fertilizer was
added to the non-cover crop treatment in this year. Peppers were
transplanted in each HT on March 27, 2013 and harvested four con-
secutive weeks on July 8 and ending on July 26.

2.1.3. Spring 2015
The mulch treatments in 2015 changed from 2013 due to some

negative experimental observations and funding for the project coming
to an end. Three mulch treatments including clear, clearCC and veg were
removed in all three HTs, but tomatoes were added as another crop in
half of each house. These adjustments were made because in spring
2013, clear and clearCC accidently burned many pepper transplants
resulting in a poor marketable crop quality and yield, and the vegmulch
was dropped because it had the least pepper production in the two
previous experiments. Therefore, the remaining mulch treatments in
spring 2015 just included black polyethylene film (black) and black
polyethylene film with cover crop incorporation (blackCC) compared
with a bare ground control (bare). Also, it was determined that sup-
plemental nutrients would be needed, so additional 0.93 kg of feather
meal (typically 13% nitrogen) was added to each half-row except in the
blackCC treatment. Therefore, Fig. 2 (c) shows a total of 12 treatments
for sweet peppers in spring 2015: two sources of water (rainwater & city
water), two surface mulches (black & blackCC) and a bare ground
control, with or without a row cover. All the treatments were replicated
and randomized in three HTs following a split-split plot design. Peppers
were transplanted in each HT on March 20, 2015 and harvested for five
consecutive weeks starting on July 2 and ending on July 30.

A summary of the treatment changes over three spring seasons in-
cludes the biodegradable mulches biobag and spun being applied just
one time as a part of 2011 pilot project. Vegetative mulch (veg) being
used twice in 2011 and 2013 but removed from 2015 due to the con-
tinuously low crop production. Clear polyethylene (clear) being applied
twice in 2011 and 2013, but clear polyethylene with cover crops
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(clearCC) only applied once in 2013. Also, black polyethylene with
cover crops (blackCC) being applied twice in 2013 and 2015, but
treatments of black polyethylene mulch (black) with bare ground con-
trol (bare) all repeated three times in 2011, 2013 and 2015.

2.2. Climatic monitoring and instrumentation

There were two weather stations located outside and inside of the
experimental HT. The outside meteorological station was located 6m
away from the HT and positioned 4.0 m above the ground. Solar ra-
diation was measured by a pyranometer (LI−COR LI200X) on a hor-
izontal surface. Wind speed and direction were measured using a three
cup anemometer and wind vane (R.M.Young 03,001). Relative hu-
midity and air temperature were measured using a capacitive chip and
platinum resistance thermometer, respectively (Vaisala HMP60) that
was installed in a gill multi-plate radiation shield. Also, an inside cli-
matic station was placed at 1.5m above the ground at the center of the
middle experimental HT. This station used the same sensors described
for the outside weather station.

The proof that energy conservation was the cause of temperature
modification came from soil, water, and air monitoring. An array of 15
thermistors, potted in solar reflecting white mold, was used to measure
air temperatures at 1.2 m above the ground surface. Between crop rows,
a total of 12 of these thermistors were placed 30 cm above the ground
surface to measure air temperatures at the canopy level. Half these
thermistors were under the row cover and half were outside the row
cover. The difference between these canopy temperatures determined
how much the row cover improved nighttime canopy temperature.
Also, soil temperature was monitored in each combination for the
water, mulch, and row cover treatments by 24 thermistors inserted
10 cm into the ground. The water temperatures were monitored by
placing thermistors at the bottom of polyethylene storage tanks and in
the supply line of city water. All sensors, both inside and outside were
measured every 15 s and the average recorded every hour by a CR1000
datalogger (Campbell Scientific Inc.). Table 1 provides the specifica-
tions for the sensors.

2.3. Statistical analysis

The experiments in this study applied a randomized complete block
design (RCBD) to determine statistical differences, based on a split-
split-plot sub-design for overall crop marketable production and tem-
perature changes. Total marketable yield including pepper weight (g/
plant) and fruit number (#/plant) per plant was estimated from the first
harvest until the end. Also, hourly data of different air/water/soil
temperature reading were organized and preprocessed for missing data
or other interrupted readings. Daytime and nighttime hours in each day
were selected from 10:00 to 16:00 and 21:00 to 8:00, respectively. A
pivot table was established in MS Excel to average the hourly data for
each day. Division of the data points into two parts of the growing
season was done to reflect the change in ventilation within the HT. The
first division is the early spring (ES) that represents the month of April
when the side curtains were closed and only the sliding-end doors were
used for ventilation, and the second division is the late spring (LS) that
represents May to July when the side curtains and sliding-end doors
were fully opened for maximum ventilation. Analyses of yield and
temperatures were performed by SAS statistical software to determine
differences between various treatments, as well as their interaction
(SAS Institute Inc., Cary, NC). The temperature model used in SAS was
created by blocking on date but also considering the dates as correlated
samples on the plots. All of the outliers were eliminated based on SAS
diagnosis before analysis to meet the assumptions of normality and
homogeneity of variance. Fisher’s least significant difference test (LSD)
at an alpha value of 0.1 was used to compare treatment means for in-
terpretation of results. An alpha of 0.1 was chosen instead of 0.05 be-
cause the risk associated with interpreting soil temperature and overall

Fig. 2. Split-split-plot design for the production of peppers in HTs in 2011,
2013 and 2015. In 2011, mulch treatment laid out through row 1 to row 6,
including (1) black biodegradable spunbond (spun), (2) vegetative mulch from a
cover crop (veg), (3) bare ground (bare), (4) black polyethylene film (black), (5)
clear polyethylene film (clear), and (6) black biodegradable biobag (biobag). In
2013, the mulch distribution followed by (1) black polyethylene film (black),
(2) vegetative mulch from a cover crop (veg), (3) bare ground (bare), (4) black
polyethylene film with a cover crop (blackCC), (5) clear polyethylene film with
a cover crop (clearCC), and (6) clear polyethylene film (clear). In 2015, anothor
crop tomato was added. Thus, the mulch treatments for pepper were just laid
out in three rows, inclduing (1) black polyethylene film (black), (2) bare ground
(bare), and (3) black polyethylene film with a cover crop (blackCC). Also, two
different water types for HT irrgation (rainwater and city water) were randomly
arranged among the surface mulches through all three spring seasons of 2011,
2013 and 2015. In addition, over the spring 2013 and 2015, a floating row
cover was put on half of each HT, covering half a length of the mulch rows at
nights as an extra protection. All the treatments regarding water and surface
mulch with or without a row cover were also arranged randomly among three
HTs at the UT site.
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pepper yield is low and soil variability can effect these measurements.

3. Results and discussion

3.1. High tunnel benefits on inside microclimates

The high tunnels create microclimates inside by affecting weather
inputs such as: solar radiation, air and soil temperature, wind speed and
relative humidity. A total of 1460 solar radiation observations were
measured over the span of three springs of 2011, 2013 and 2015.
Results showed that there is a strong linear relationship between the
inside and outside solar radiation (SR) and that approximately 12% of
total SR was reflected by HTs’ polyethylene covering (Fig. 3). The slight
differences of the inside-to-outside SR may be affected by the period of
the year, and the aging or dust deposition of the plastics. At higher
levels of solar radiation (> 0.6 kW m−2), greater variability in solar
transmission occurred compared with the lower solar radiation. Also,
based on the average values of all three spring seasons, the air tem-
perature differences between inside and outside significantly varied
from day to day. During the ES, daily maximum air temperature inside
the HT was mostly raised from 3 °C to 17 °C (sometimes even up to
28 °C) as compared with the outdoor conditions, depending on cloud
cover, ambient wind conditions, and extent that the tunnel sliding
doors were opened (Fig. 4). After fully opening end-doors and side-
curtains in LS (starting around May 12), inside air temperatures were
consistently increased by approximately 1.5–4.5 °C to those outdoors.
In addition, the comparison of shielded outside and shielded inside
thermistor readings shows that HT night time air temperatures were as
much as 4 °C higher than outdoor temperatures. The HTs are considered
“heat reservoirs,” which can transfer the stored heat from the soil back
to the surroundings at night. However, results show that there were
several nights when the minimum air temperature dropped to within
0.3–1.0 °C of the ambient outside temperature. This behavior is be-
lieved to be caused by the thermal heat loss from the inside air to the
colder polyethylene covers. According to Papadakis et al. (2000), the
net radiation loss through the cover is intensive during extreme cold
nights. Since the rate of long-wave radiative heat loss of the cover is
higher than its convective heat gains from the air, the cover tempera-
ture becomes lower than both the inside and outside air temperature.
Because the inside air loses heat by convection to the colder cover, the
inside air temperature sometimes maybe lower than the outside

(Baytorun et al., 1993; Montero et al., 2005).
The outside soil temperature in 2011 was not recorded; thus the

analysis of soil temperatures was calculated over the average of two

Table 1
Environmental Paramters Measured during the Experiments.

Measured Parameters Sensors Range and Accuracy Location

Solar radiation Qsolar (Wm−2) LI200X Pyranometer (LI-COR.INC) 0 to 3000Wm−2 with± 5% Inside and outside weather station
Air temperature Ti (K)

Relative humidity HR (%)
HMP60 Probe (Vaisala.INC) −40 to 60 °C with± 0.6%

±3% RH over 0 to 90%,± 5% RH over
90 to 100%

Inside and outside weather station

Wind speed U (ms−1)
Wind direction (°)

R.M.Young Wind Sentry (Campbell
Sci. Inc)

0 to 50ms−1 with± 1%
0 to 360° with± 5º

Outside weather station

Air temperature (°C) Thermistor (PS104J2)† ± 0.1 °C with 0.026 °C An array of 15 thermistors all over the inside of middle HT
located 1.5 m above the ground

Canopy temperature (°C) Thermistor (PS104J2)† ± 0.1 °C with 0.026 °C 12 thermistors located 30 cm above the ground between crop
rows

Soil temperature (°C) Thermistor (PS104J2)† ± 0.1 °C with 0.026 °C 24 thermistors located 10.16 cm below the ground
Water temperature (°C) Thermistor (PS104J2)† ± 0.1 °C with 0.026 °C Polyethylene storage tank bottom for rainwater and supply line

of city water

† Means the thermistors are made in our lab which are non-linear sensors following a polynomial response to temperature that is defined by the Steinhart-Hart
equation.

Fig. 3. Relationship between inside and outside solar radiation over the
average of 2011, 2013 and 2015 spring seasons. Hour-based average data
during solar noon period (10:00 am to 16:00 pm EST) and the solid lines re-
present the linear relationship y=0.88x - 0.015 (R2 = 0.95) between inside
and outside solar radiations for all three springs.

Fig. 4. Effects of high tunnels on daytime and nighttime air temperature over
the average of 2011, 2013 and 2015 spring seasons. Temperature differences
were calculated as inside air temperature minus outside air temperature.
Daytime includes 10:00 am to 16:00pm and nighttime includes 21:00pm to
8:00am. Sidewalls and end-doors were fully opening during summer periods
when maximum ventilation required which started around the middle May.

M.Z. Zheng et al. Scientia Horticulturae 246 (2019) 928–941

933



spring seasons in 2013 and 2015. Because of the “heat reservoir” effect,
the average soil temperature inside the HTs during the day was up to
3.5–5 °C higher than field temperatures of bare ground during the ES.
But, over the season, inside-to-outside soil temperature differences were
continuously decreased (Fig. 5). The results show that the temperature
differences at nights were always greater than that during the day; this
situation was even more significant in LS. Also, there are some rapid
changes after mid-June, indicating that the outside soil temperatures
being warmer than inside both for daytime and nighttime. Probably
during this LS period, there was grass grown on the outside ground
which may have been trimmed allowing more sun to heat the soil and
the conduit protecting the sensor wire. At the same time, inside soil
temperatures were also reduced compared to the bare soil outside (after
trimmed), which was likely the result of increased leaf shading from the
fully mature peppers.

Under the intense solar radiation after mid-June, this reduction of
inside soil temperature could be beneficial for better root crop growth.
In addition, canopy temperatures (measured 30 cm above the ground)
inside the HTs were similar to the air temperatures (measured at 1.2m
above the ground) in ES. But in LS, diurnal temperatures at the canopy
level were significantly greater (1–3 °C) than that in the surrounding air
(Fig. 6). Compared with the large temperature fluctuation of inside air
and canopy ( ± 11 °C), soil temperatures (measured 10 cm deep

ground) varied just within ± 3 °C. The relatively warm and consistent
soil temperatures in a HT can be considered as one of the critical
variables to improve crop growth, particularly in a cold ES period.

The HT structure decreased the wind speed significantly and alle-
viated adverse effects such as plant lodging. HTs used in this study are
all oriented south to north, and prevailing winds at this site are typi-
cally from the south. Under this situation, leeward vented sides
(northern) always had a warmer canopy temperature than the wind-
ward side (southern), due to the cooling effects of the incoming air-flux.
Fig. 7 shows that the outside wind speed was as high as 6-7ms−1 and as
low as 0.05ms−1; but, most measurements were distributed within 1-
4ms−1. Inside wind speed was consistently reduced relative to the
outside by an average of 80–90%; but, it increased when the side walls
and end-doors were fully open in the LS. In addition, spring seasons are
times when humidity related diseases usually peak in HTs. On a clear
and sunny day, inside evapotranspiration rate from crop leaf and soil
increases, while at nights, condensation can occur when the air cools
down to the dew point and water can drip on the crops causing plant
diseases. Results show that during the day, about 92 percent of total
values of inside RH were lower than outdoor RH by 5–30% since air can
hold more moisture as it warms (Fig. 8a). However, inside RH were
increased when the air was cooler at nights, resulting in just 70 percent
of the total values of inside RH that were lower than the outdoor RH by
3–15% (Fig. 8b).

3.2. Treatment impacts on pepper production

3.2.1. Behavours of surface mulches
Statistical analysis indicates that mulch treatments can be con-

sidered as the main contributing factor on total crop production
(p < 0.001) (Table 2). Fig. 9 shows for each spring season, blackmulch
consistently produced yields higher than bare soil regarding both fruit
weight and fruit number per plant. Compared with bare ground, black
mulches increased the yield in g/plant by approximately 36% (2011),
126% (2013) and 81% (2015), and in fruit number per plant by 28%
(2011), 95% (2013), and 90% (2015). However, as the years progress,
yields achieved using blackmulch decreased. In 2011, yields of 641.2 g/
plant and 5.2 #/plant of peppers were achieved; but, the yield de-
creased to 434.3 g/plant (32% reduction) and 2.1 fruits per plant (60%
reduction) in 2013, and further to 360.8 g/plant (44% reduction) and
2.4 #/plant (54% reduction) in 2015. This observation occurred for the
other mulches, which could be a result of short-rotation in vegetable
production rather than the use of mulches (Karlen et al., 1994). Many
studies indicated that short rotation has been associated with a decrease

Fig. 5. Soil temperature difference between inside and outside of high tunnel
for the days and nights over the average of 2013 and 2015 spring seasons.
Temperature differences were calculated as inside soil temperature minus
outside soil temperature (bare ground).

Fig. 6. Comparison of canopy, air and soil temperatures inside the high tunnel
during the daytimes in all two spring seasons of 2013 and 2015.

Fig. 7. The comparison of wind speed inside and outside high tunnel during the
day over the average of 2011, 2013 and 2015 spring seasons.
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in the diversity of the rhizosphere microbial community which is ben-
eficial to the plant through the suppression of pathogens, and thus
potentially resulting in decreased crop yields (Bennett et al., 2012;
Schippers et al., 1987). Many crops grown outdoors with continuous
planting or short rotation have been reported to suffer yield reduction,
such as maize, soybean, potato and sugarcane, compared to those
grown in longer duration of two- or three-year rotation (Crookston
et al., 1991; Kelley et al., 2003; Larkin and Honeycutt, 2006; Pankhurst
et al., 2005). In addition to the possibility of short rotation effects, auto-
toxicity interaction may occur and cause phytotoxin production and
build up in the soil with continuous culture over time, and further re-
ducing overall yield of the subsequent crops. Tomato (Solanum lyco-
persicum) is considered to have this auto-toxicity impact and is in the
same family as peppers, which may be the reason why spring pepper
yield in 2013 decreased after the fall planting of 2012 spring tomatoes,
and pepper production in 2015 continued to decrease after tomatoes
were planted in 2014. Therefore, some researchers recommend not
rotating pepper with tomato (Gleason and Edmunds, 2005). In com-
parison, the yield reduction rate in bare ground was much higher than
in black. In 2011, there was 473 (g/plant) and 4.08 (fruits/plant) of
peppers harvested from the bare ground, but the yields were reduced by
59% (g/plant) and 75% (fruits/plant) as an average of 2013 and 2015.
There was also a notable reduction in clear yields from 2011 to 2013.
Specifically, in 2011, clear plots produced the highest numerical yield;
but there was no significant difference compared to that for black
mulches. However, from 2011 to 2013, yield from plots using clear
mulches was reduced by about 71% marketable fruit weight and 77%
fruit numbers per plant. In addition to factors that may have impacted
soil health degradation as discussed above, an excessive heat event
occurred in 2013 when the HT doors were not opened in a timely
manner. After this event more plant stress was observed in the clear
treatments than in the other mulch treatments.

Differences in pepper yield are related to many factors: cultivar, soil

Fig. 8. The comparison of inside and outside relative humidity (RH) during the
days (a) and nights (b) over the average of 2011, 2013 and 2015 spring seasons.
RH differences were calculated as inside minus outside.

Table 2
Pepper yield and average soil temperatures at 10 cm deep under different mulch treatments during the day and night in early and late spring of 2011, 2013 and
2015a.

Year Mulch Yield SoilTemp_day SoilTemp_night

Weight Count ES† LS† ES† LS†

2011 (g/plant) (#/plant) (°C) (°C)
Black 641.15 a 5.22 ab 22.41 b 23.43 b 21.31 b 23.76 b
Biobag 686.83 a 5.43 a 21.37 c 23.10 c 19.52 c 71.98 e
Clear 708.83 a 5.48 a 24.94 a 23.94 a 23.21 a 75.76 a
Spunbond 602.97 ab 4.80 ab 20.84 d 22.36 d 19.69 c 72.54 d
Bare 473.08 bc 4.08 bc 21.36 c 22.58 d 18.82 d 73.60 c
Veg 370.48 c 3.20 c 18.82 e 21.89 e 17.34 e 71.13 f
0.0039 0.0182 < 0.0001 < 0.0001 < 0.0001 <0.0001

2013 Black 434.31 a 2.05 a 20.16 c 22.66 d 18.93 b 23.02 d
BlackCC 295.19 b 1.64 b 21.51 b 23.93 a 20.28 a 24.64 a
Clear 208.67 c 1.22 c 21.93 a 23.03 c 20.17 a 23.48 c
ClearCC 146.48 d 1.09 c 22.04 a 23.35 b 20.49 a 23.56 c
Bare 192.10 cd 1.05 c 20.17 c 24.06 a 18.87 b 23.88 b
Veg 1.83 e 0.0083d 18.69 d 22.95 c 17.59 c 23.01 d
<0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 <0.0001

2015 Black 360.84 a 2.43 a 21.62 a 25.42 c 19.63 a 26.10 b
BlackCC 188.87 b 1.38 b 21.63 a 25.74 b 19.60 a 26.10 b
Bare 199.06 b 1.28 b 20.72 b 26.47 a 18.69 b 26.52 a
<0.0001 0.0005 < 0.0001 < 0.0001 < 0.0001 <0.0001

a Mulch treatments: biodegradable black biobag (Biobag) and black spunbond (spun), black plastic with (blackCC) or without cover crops (black), clear plastic with
(clearCC) or without cover crops (clear), vegetative mulch (veg) and bare ground (bare); ES and LS, referring to early and late spring, respectively, were characterized
by diurnal soil temperature in specific early and late spring. Temperature values are daily means from 10:00 am to 16:00 pm and nightly means from 9:00pm to
8:00am. Values followed by the same letter are not significantly different according to Fisher’s LSD (P= 0.1).
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mperature, air temperature, soil moisture, nutrients and weed growth.
But, our focus was on the impact of soil temperature to test our hy-
pothesis that better utilization of solar energy in HTs would increase
yield. Black polyethylene mulches had a significant effect on soil tem-
perature, which is related to marketable production in most cases
(Table 2). Compared with the bare ground treatment, the increased crop
yield observed using black mulch was related to the latter’s soil-
warming ability. In 2011, soil temperatures under black mulch were
consistently greater than that for bare ground (0.9–1.6 °C) through the
whole season, which promotes faster crop development. In 2013 and
2015, black mulch warmed the soil more in the ES compare to the bare
ground; but, the opposite scenario occurred in LS showing that soil

temperatures were significantly higher in bare ground by as much as
1.4 °C. This was most likely due to weeding and a smaller crop canopy
in the bare canopy allowing more solar radiation to be intercepted di-
rectly by the ground surface. The rapid increase of soil temperature on
bare soil could have had an adverse effect on unprotected plant-roots
and evapotranspiration rate reducing overall pepper development.
Therefore, black mulch was considered to be more effective at utilizing
solar radiation to create a more productive soil temperature environ-
ment. Clear mulch also has great soil-warming ability, even higher than
black mulch. In 2011, clear mulch consistently provided the warmest
soil temperatures among all mulch treatments and it significantly pro-
duced higher values (0.5–2.6 °C) than that under black. Although clear
retained a warmer microclimate underneath than black, the overall
pepper yields did not improved significantly in 2011. This is probably
due to poor weed control under clear mulch, resulting in competition
for water and nutrients between the weeds and the crop. The rapid
reduction of pepper yield under clearmulch from 2011 to 2013 was also
related to the temperature. In May of 2013, cloud cover cleared un-
expectedly creating extremely high temperature in the HTs for a couple
of hours before the doors could be opened for ventilation. It was ob-
served that the peppers grown with clear mulch were damaged more
than the other surface mulches. Although there were many plants lost
under clear mulch, it was observed that the surviving pepper plants
were generally taller and reached flowering earlier than in bare ground
with yield equaling that of bare in 2013. Except for the overheating
accident described above, the positive effects of polyethylene mulches
(black & clear varieties) on crop marketable yields were significantly
higher when compared with the bare ground control. It is also con-
sistent with the results of a study by Iqbal et al. (2009) which docu-
mented hot pepper productivity in poly/plastic tunnels. Therefore,
black mulch is highly recommended because it can effectively warm the
soil with less potential for overheating than clear, and it also prevents
weed establishment reducing nutrient competition with the crop.

The use of the black biodegradable mulch, biobag, was not sig-
nificantly different from black polyethylene mulch for pepper yield in
2011 (Fig. 9a). Also, spunmulch had less marketable fruit weight by 6%
and fruit numbers by 22% than black mulch, but not at a significant
level (Table 2). Both of the biodegradable mulches produced sig-
nificantly cooler soil temperatures than under black, by 0.5 °C and
1.4 °C for biobag and spunbond, respectively. The cooler temperatures
may have been caused by slight biodegradation of these mulches, but
also biobag is a very thin film and spun, being a fiber-based geotextile,
allows more vapor to pass through it. As compared to bare ground, the
biodegradable mulches performed well by improving the overall pepper
production about 27% in fruit weight and 12% in fruit numbers prob-
ably due to the increased soil temperature around the crop root zones in
the biodegradable mulch plots.

In addition, polyethylene mulch with cover crops significantly re-
duced both pepper marketable weight and numbers per plant, as
compared with non-cover crop treatments in the springs of 2013 and
2015 (Fig. 9b and c). Although most studies show that cover crops like
Hairy vetch exhibit desirable attributes including high nitrogen fixing
ability and high biomass quality in vegetable production (Kumar et al.,
2005; Pullaro et al., 2006), the cover crop benefits were not realized in
this study. Specifically, blackCC significantly reduced fruit weight per
plant by 32–48% and number of fruit per plant by 20–43% compared to
that under black; while, clearCC production was reduced by 30% in fruit
weight per plant compared to clear without a cover crop, but there was
no significant difference in fruit numbers per plant. This trend is
probably related to the inability to establish a good cover crop stand
over the winter months. Thus, the roots of the cover crops had little

Fig. 9. Marketable weight and count (mean ± SE) of pepper under the ef-
fects of different mulch [treatments (black plastic mulch (black), black plastic
mulch with cover crops (blackCC), clear plastic mulch (clear), clear plastic
mulch with cover crops (blearCC), bare ground (bare), Vegetative mulch
(veg) over spring seasons of the year 2011 (a), 2013 (b) and 2015 (c) in high
tunnels; Values followed by the same letter are not significant different ac-
cording to Fisher’s LSD (p=0.1).
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opportunity to fix nitrogen in soil. Also, cover crop residues that were
imported and then incorporated into the soil had very little opportunity
to breakdown and provide nutrients to the crop, but non-cover crop
treatments had organic fertilizer applied that provided more easily
available nutrients. A positive effect of incorporating cover crop residue
under plastic mulch was increased soil temperature which could in-
crease breakdown of organic matter into available nutrients. Average
soil temperature under blackCC was around 1.4 °C higher than that
under black mulch, while the difference between clearCC and clear was
only 0.2 °C. Cover crops residue creates a larger amount of air space
when mixed with soil as compared to the more compacted ground
without cover crops, and after periodic irrigation, more water can be
stored inside the pore spaces of the clearCC or blackCC treatments. Due
to the higher heat capacity of water, the loose and wet soil with cover
crops can conduct and store heat better than without cover crops; thus,
clearCC or blackCC produced higher soil temperature than under clear
or black mulch. Even though the cover crops had a positive effect of
warming the soil, it appears that limited nutrient availability inhibited
growth and yield when cover crops were incorporated without sup-
plemental organic fertilizer.

The veg mulch treatment was expected to improve organic pepper
production in HTs since it reduces diurnal temperature flux by reducing
the solar energy reaching the soil surface during the LS, and by creating
sub-optimum conditions for weed seed germination. However, ac-
cording to the results, veg consistently produced the lowest pepper yield
(Fig. 9). The major concern with using veg mulch is that it cooled the
soil to an extent where crop growth may have been detrimentally de-
layed, especially in the early stage of pepper growth. Results confirmed
that under veg mulch, there was a significant reduction of soil tem-
perature (1.5 °C) with more weeds than that in bare ground during the

whole season (Table 2). Therefore, veg mulch promoted making less
efficient use of solar energy to extend the growing period beyond the
normal growing season.

3.2.2. Interaction effects of row cover and mulch
For the ES period, row covers provided additional thermal protec-

tion for peppers. Table 3 shows that in 2015, row covers were the main
contributing factor to improve the pepper marketable production
(p < 0.01). Yield weight and fruit numbers per plant using a row cover
increased around 20% and 44%, respectively, as an average of all
mulches in 2013 and 2015. Also, there were positive interaction be-
tween surface mulch and the row cover application on pepper yields for
both years (p < 0.1). In 2013, black mulch produced the highest yield
when comparing the mulch treatments without row covers. With a row
cover, the black mulch significantly increased fruit weight per plant by
about 21% (2013) and 114% (2015) as compared with black mulch
without a row cover, while it also increased the fruit number per plant
about 21% (2013) and 81% (2015). Also, 86% more fruit was produced
by using a row cover under blackCC in 2013 than that without using a
row cover, but no significant increase was found in 2015. Both clear and
clearCC mulch treatments using a row cover didn’t provide an im-
provement to total crop production compared with not using a row
cover in 2013. This may be a result of the accidental pepper loss de-
scribed previously, thus causing a nonsignificant difference. Also, the
use of a row cover in bare plots increased fruit weight per plant by 66%
and number of fruit by 75% in 2013, while showing no significant
improvement on pepper production in 2015. In addition, veg mulch
without a row cover barely produced any peppers but the use of row
covers saved a few more fruit. The increase in pepper yield from row
covers was related to an increase in soil and canopy temperatures.
Canopy and soil temperatures under a row cover were significantly
increased from 0.7 °C to 2.6 °C in the canopy and from 0.5 °C to 0.8 °C in
the soil at night. Moreover, soil temperature increases from row covers
interacted differently with the mulch treatments. Fig. 10 shows that
during the night in early spring of 2013, significant increases in soil
temperature were 0.5 °C (black), 1.6 °C (blackCC), 1.4 °C (clear), 1.8 °C
(clearCC), 0.6 °C (bare), and 1.1 °C (veg) from using row covers. Also in
the early morning hours before taking off the row covers, these dif-
ferences under each mulch on soil temperatures showed larger varia-
tion compared to that at nights, with increases of 0.74 °C (black),
1.64 °C (blackCC), 1.87 °C (clear), 1.8 °C (clearCC), 1.7 °C (bare), and
1.3 °C (veg). Black mulch had the least soil temperature rise from row
covers both during the day and night. The results indicate that black can
act alone without a row cover to have a positive effect on the soil
temperature and pepper yield but had a significant response to adding a
row cover.

3.2.3. Interaction effects of irrigated water and mulch
Significant improvement of pepper yield was expected by using

rainwater applied with drip irrigation, and results confirmed that the
rainwater had the potential to increase the overall pepper production
(Table 4). Compared with city water, rainwater significantly increased
the total pepper weight (20%) and peppers numbers (19%) per plant in
2011 and 2013, respectively (p < 0.1). Also, the interaction effects in
2013 show that the clearmulch and bare ground significantly improved
pepper weights approximately 61% and 49%, respectively, by using
rainwater irrigation compared to city water (p < 0.1). However, re-
sults in 2015 didn’t show any positive effects on pepper production by
using rainwater irrigation compared to the city water, and the opposite
result occurred with the total pepper weight in bare ground irrigated
with city being 41% higher than those plots under rainwater irrigation.

Table 3
Interactions of mulch and row cover on pepper yield and soil temperature in-
side high tunnel during the early springs of 2013 and 2015a.

Year Mulch Row
Cover

Yield Soil Temperature (°C)

Weight Count Daytime Nighttime

2013 Black no 360.40 b 2.07 a 19.79 g 18.67 bcd
yes 435.50 a 2.50 a 20.53 ef 19.19 bc

BlackCC no 260.00 cd 1.15bcd 20.68 de 19.48 bc
yes 330.40 bc 2.14 a 22.33 b 21.07 a

Clear no 235.40 d 1.38 b 20.26 f 19.45 bc
yes 182.00 de 1.06bcd 22.13 b 20.89 a

ClearCC no 165.10 e 1.19 bc 21.16 c 19.61 b
yes 127.80 e 1.00 cd 22.92 a 21.37 a

Bare no 144.20 e 0.76 d 19.29 h 18.56 cd
yes 240.00 d 1.33 bc 21.04 cd 19.19 bc

Veg no 0.01 f 0.00 e 18.08 i 17.06 e
yes 3.67 f 0.02 e 19.31 h 18.13 d

Mulch < 0.0001 <0.0001 <0.0001 <0.0001
Row Cover 0.5279 0.1024 <0.0001 <0.0001
Mulch x Row Cover 0.0048 0.0113 0.013 0.4987

2015 Black no 229.90 b 1.73 b 21.46 c 19.64 b
yes 491.80 a 3.13 a 21.77 b 19.61 b

BlackCC no 179.40 b 1.26 b 21.16 d 19.16 c
yes 198.33 b 1.50 b 22.10 a 20.03 a

Bare no 189.79 b 1.18 b 20.15 e 18.29 d
yes 208.33 b 1.38 b 21.29 cd 19.09 c

Mulch < 0.0001 0.0005 <0.0001 <0.0001
Row Cover 0.0014 0.0112 <0.0001 <0.0001
Mulch x Row Cover 0.0022 0.0619 <0.0001 0.0013

a Values within mulch, row cover followed by the same letter are not sig-
nificantly different according to Fisher’s LSD (P= 0.1).
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Yield differences for the two water types are likely attributable to
water temperature effects on soil temperature. Average temperature for
all water types in 2011, 2013 and 2015 are given in Fig. 11. During the
ES period, the average temperature of the city water was significantly
higher than rainwater stored in the solar tank (1.4 °C in 2011, 3.7 °C in
2013 and 1.7 °C in 2015), but similar to that in gravity tank within
0.6 °C. While in LS, the average temperature of rainwater from the
gravity tanks was still consistently higher than that in solar tank by
1.1 °C, while the temperature of city water was significantly lower than
the water in the solar tank by 2.5 °C in 2011 and 1.9 °C in 2013. Due to
some erroneous readings of thermistors placed into both city water and
rainwater, water temperature datasets of 2015 LS datasets were not
included in this discussion. The solar pump tanks were on the south side
of the HTs and were exposed to more solar radiation than the gravity
tanks which were located on the east and west side of the HTs. This
could have been a factor causing warmer rainwater temperatures in the
solar tanks; but, results show that rainwater stored in the solar tanks
was always lower than that in the gravity tanks. The most likely reason
was that the solar pump tanks had contact with soil surface causing
conductive heat loss from the storage tank to the ground surface;
whereas the gravity tanks were elevated off the ground in order to
develop gravity pressure for irrigation. The city water was delivered

several feet underground where soil temperatures are fairly stable
(18.3 °C in ES and 21 °C in LS). The ground surface is colder in winter
and warmer in summer than deeper in the soil where the city line is
located therefore city water was warmer than stored rainwater toward
winter and colder toward summer. To summarize, the temperature of
city water was higher than rainwater stored in either solar or gravity
tanks in ES; while in LS during warmer weather, the rainwater tem-
peratures in tanks increased quickly achieving a significant higher va-
lues rather than city water.

Just as water temperatures were different between the ES and LS
seasons, soil temperatures responded in a similar manner since water
was delivered directly to the ground surface through drip irrigation.
Table 4 shows that rainwater generally produced warmer soil tem-
peratures than city water during the entire spring season with several
exceptions during the daytime for veg (ES 2011) and clear (LS 2013)
mulch treatments; yet, rainwater treatment increased the fruit yield (by
64% for clear and 60% for veg). Also, the bare using rainwater was al-
ways warmer than that using city water, except the nighttime of ES
2011 when soil temperature in bare ground with city water was in-
creased 1.5 °C higher than that with rainwater leading to the slight yield
improvement (17%) in the city water plots. In 2015, the pepper weight
per plant in bare was about 41% higher by using the city resource, al-
though the soil temperature was still higher (0.3 °C) in rainwater plots.
Also, biodegradable mulches biobag and spun usually had the similar
performance to increase about 30% pepper weight in rainwater irri-
gated plots compared to that in city water plots, also likely due to the
increased soil temperature by using rainwater stored in plots. Over the
three years, black and blackCCmulches showed no significant difference
for yield production using either rainwater or city water. In summary,
rainwater was generally warmer than city water except in the cold ES
seasons, and in general raised the soil temperatures by 0.3-0.8 °C
compared to the plots irrigated using city water. The response of dif-
ferent mulches to water is not that strong, but with several exceptions,
results show that overall pepper yield was still increased by using
rainwater as compared with city water.

4. Conclusions

HTs combined with the use of surface mulches and the row cover
are relatively low-cost practices for enhancing crop growth, extending
growth season, and assisting producers in maximizing profits with in-
tensive production systems. The demand and adoption of HTs is high
not only in the United States, but worldwide, due to the considerable
benefits of environmental protection these structures provided during
cool growing seasons. The three years of experiments demonstrated
that HTs have the potential ability to accelerate pepper growth and
improve overall crop production caused by the positive modification,
such as, increased warming of inside air, canopy and soil temperature
during the day and night compared to the outdoor temperature. Clear
plastics can produce the warmest soil conditions; thus, they are com-
monly employed in cooler climatic regions of the United States. The use
of clear mulch is not recommended without precaution because plants
located near holes inserted in the mulches can be exposed to an ex-
tremely high temperature when ventilation is inadequate. However, the
employment of black polyethylene mulch produced the highest pepper
yield by warming the soil, but not excessively, during the day when
compared with clear polyethylene mulch. The black biodegradable
Biobag and Spunbond mulches did not warm the soil to the same extent
as the black polyethylene mulch; but, the marketable pepper yield was
not statistically different between the biodegradable and standard black
polyethylene. Although standard plastic mulches incur removal and

Fig. 10. The effects of various mulches on soil temperature differences between
each mulch type with and without a row cover in 2013 and 2015. Fig. 10 shows
the effects of various mulches on soil temperature differences between each
mulch type with and without a row cover in 2013 and 2015. A standard de-
viation/error of soil temperature difference was not calculated because there
were only two measurements of soil temperature with and without row cover
for each mulch type.
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disposal costs, this labor cost of standard plastic mulches can be offset
by the initial higher investment of bio-biodegradable mulches.
Therefore, black standard plastic mulch is highly recommended to be
used in HTs.

The cover crops incorporated into the soil under black or clearmulch
significantly reduced the overall pepper marketable yield in the springs
of 2013 and 2015 as compared with the non-cover crop treatments.
Although, a positive effect of incorporating cover crop residue under
plastic mulch was increased soil temperatures, which can accelerate the
breakdown of organic matter into available nutrients. It is speculated
that the process of breaking down this residue tied up soil nutrients
early in the crop development. In comparison, vegetative mulch gen-
erated the coolest soil temperatures and competed with crops for nu-
trients and water resources. Although the vegetative mulch was cut
down periodically, they still grew and competed with the crop like
weeds and always produced the significantly lowest yield while the
cooler soil temperature potentially inhibited nutrient release and root
development. Thus, vegetative mulch can be a disadvantage when the
soil must be warmed quickly during a relatively cool early spring

Table 4
Interactions of mulch and water on pepper yield and soil temperature inside high tunnel during all three spring seasons of year 2011, 2013 and 2015a.

Year Mulch Water Yield Soil Temp_day Soil Temp_night

Weight Count ES† LS† ES† LS†

2011 (g/plant) (#/plant) (°C) (°C)
Black City 589.40abc 5.03 abc 21.98 cd 23.06 d 20.61 d 23.48 c

Rain 692.90 ab 5.40 ab 22.84 b 23.81 b 21.99 c 24.03 b
Biobag City 593.97abc 5.10 abc 21.06 e 22.54 e 19.66 ef 21.36 g

Rain 779.70 a 5.77 a 21.68 d 23.66 b 19.38 f 23.06 d
Clear City 672.07 ab 5.20 abc 24.80 a 23.50 bc 22.67 b 23.97 b

Rain 745.60 a 5.77 a 25.09 a 24.39 a 23.74 a 24.65 a
Spunbond City 518.33 bc 4.43 abc 20.74 ef 22.36 e 19.62 e 22.46 e

Rain 687.60 ab 5.17 abc 20.94 ef 22.36 e 19.77 e 22.58 e
Bare City 513.23 bc 4.53 abc 20.67 f 21.91 f 19.59 e 22.52 e

Rain 432.93 cd 3.63 cd 22.03 c 23.26 cd 18.04 f 23.72 bc
Veg City 285.63 d 2.60 d 19.06 g 22.00 f 17.02 g 21.53 g

Rain 455.33 cd 3.80 bcd 18.58 h 21.78 f 17.66 f 21.95 f
Mulch 0.0039 0.0182 <0.0001 <0.0001 <0.0001 <0.0001
Water 0.0466 0.278 < 0.0001 <0.0001 0.0183 <0.0001
Mulch x Water 0.6344 0.7424 <0.0001 <0.0001 <0.0001 <0.0001

2013 Black City 444.94 a 2.04 a 20.24 d 22.47 f 18.87 d 22.76 g
Rain 423.67 a 2.06 a 20.08 d 22.86 e 18.91 d 23.28 e

BlackCC City 336.34 b 1.62 abc 21.16 c 23.68 b 20.21 bc 24.37 b
Rain 254.04 bc 1.67 ab 21.86 b 24.18 a 20.68 ab 24.91 a

Clear City 159.97 d 0.92 d 21.26 c 23.22 cd 20.26 bc 23.63 d
Rain 257.36 bc 1.52 bc 21.14 c 22.86 e 20.11 c 23.32 e

ClearCC City 128.79 d 1.01 d 21.75 b 23.34 c 20.12 c 23.32 e
Rain 164.17 d 1.18 cd 22.33 a 23.36 c 21.13 a 23.32 e

Bare City 154.39 d 0.86 d 20.19 d 24.17 a 18.60 d 23.78 cd
Rain 229.81 c 1.24 c 20.14 d 23.95 a 18.77 d 23.99 c

Veg City 3.67 e 0.02 e 18.93 e 23.00 de 17.40 e 22.95 fg
Rain 0.02 e 0.01 e 18.46 f 22.91 e 17.52 e 23.07 ef

Mulch < 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Water 0.3362 0.0576 0.4223 0.536 0.0465 0.0005
Mulch x Water 0.0718 0.4984 0.0068 0.0005 0.1936 0.0058

2015 Black City 355.07 a 2.44 a 21.47 c 25.27 c 19.42 b 26.19 cd
Rain 366.62 a 2.61 a 21.76 b 25.56 d 19.83 a 26.01 d

BlackCC City 188.30 b 1.35 b 21.19 d 25.39 d 19.33 b 26.34 bc
Rain 189.44 b 1.40 b 22.07 a 26.09 a 19.86 a 26.69 a

Bare City 233.12 b 1.40 b 20.58 f 25.76 b 18.42 d 26.42 b
Rain 165.00 c 1.16 b 20.86 e 26.09 a 18.36 c 26.81 a

Mulch < 0.0001 0.0005 <0.0001 <0.0001 <0.0001 <0.0001
Water 0.4989 0.7832 <0.0001 <0.0001 <0.0001 0.024
Mulch x Water 0.4255 0.5528 0.0013 <0.0001 0.8614 0.0093

a Values within mulch, water followed by the same letter are not significantly different according to Fisher’s LSD (P= 0.1). †ES and LS were characterized by
diurnal soil temperature in specific early and late spring.

Fig. 11. Fluctuations in average water temperature for three spring seasons of
year 2011, 2013 and 2015. Gravity and Solar represent the rainwater inside the
gravity and solar tanks, respectively, and City represents the municipal water
from the underground pipes. ES means early spring and LS means late spring.
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period.
Row covers added protection from freezing during cold nights plus

produced higher pepper yield than that without row covers. But black
plastics with a row cover always had the least effect on soil temperature
and yield compared to that without a row cover. This result indicates
that black mulches can act alone without a row cover to have a positive
effect on the soil temperature and crop development. Finally, irrigation
water type under different mulches had mixed effects on pepper yield
values. Rainwater was warmer than city water except in the cold early
spring period, but it generally increased the soil temperature around
0.3-0.8 °C. Although there were several exceptions when soil tempera-
tures were higher using city water than rainwater, overall pepper yield
was still increased by using rainwater as compared with city water.
Therefore, rainwater irrigation is not just about saving water but about
storing up a reserve of high quality water to warm the soil for increased
crop production.

The practices tested in this study will improve the utility of high
tunnels at producing high value crops in an extended growing season.
Even though soil temperature and pepper yield were increased by black
plastic mulch, row covers and rain water, it was observed that the
growing season still could not be extended much further because night
time air temperature was only a few degrees warmer inside the high
tunnel as compared with outside. The addition of row covers only
added about 1–3 °C of additional protection from freezing events above
that provided by the high tunnels. Greater thermal protection is needed
to further extend the growing season of high tunnels if a costly source of
external heat is to be avoided. Additional thermal mass to store excess
day-time heat and additional insulation to retain that heat are a means
to meet this goal. Both the thermal mass and the insulation will need to
be inexpensive with low labor requirements to be successfully used in
small to medium organic vegetable operations. Also, cover crops did
increase soil temperature when incorporated but yield was reduced.
Establishing the cover crops was difficult especially in the winter
months and incorporation just prior to planting the crop seemed to
reduce nutrient availability for the peppers. Intercropping could pro-
vide better timing for establishing the cover crop and a good rotation
scheme could allow better break down of residue before the vegetable
crop is planted. Improved or equal yield with incorporated cover crops
could provide better heat transfer into the soil thus improving season
extension for high tunnels.
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