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organic acorn squash
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Organic cucurbit growers face many challenges to production including insect
pests, insect-vectored diseases, and non-vectored diseases. While Organic
Material Review Institute (OMRI) -listed pesticides underperform at suppressing
pests and diseases, some alternative pest management strategies hold promise,
but little research exists on their cost-effectiveness. We compared the efficacy
of mesotunnel systems (nylon-mesh netting row covers deployed over bent
metal hoops) and OMRI-listed pesticides (fungicides and insecticides) on acorn
squash across 2 years. During the early part of the season, before row covers
were removed for pollination, we found 1.7 (2020) and 0.3 (2021) times more
cucumber beetles in the uncovered plots compared to the mesotunnels.
Powdery mildew incidence was 36 and 25% lower under the mesotunnels
compared to the uncovered plots in 2020 and 2021, respectively. Marketable
yield of acorn squash was 46-54% higher in the mesotunnels compared to
the uncovered treatments. OMRI-listed pesticide treatments reduced powdery
mildew incidence compared to untreated control treatments. However, for
pest presence, OMRI-listed pesticide treatments did not differ from untreated
control treatments in either year, nor did it differ in marketable yield in 2020.
Finally, the mesotunnel-only system was 47% more profitable compared to
the OMRI-listed pesticide treatment and 47% more profitable compared to the
uncovered plots. These results highlight mesotunnels as an economically viable
pest management strategy for organic cucurbit growers in the U.S.

KEYWORDS

cucurbits, row cover, cucumber beetles, powdery mildew, organic, profitability,
mesotunnel

1 Introduction

U.S. retail sales of organic foods rose more than five-fold between 2000 and 2020, reaching
nearly $56 billion in annual sales (Carlson et al., 2023). Fruits and vegetables lead the organic
market with nearly 40% of all sales (Carlson et al., 2023), making them central to the success
of the organic market. However, production of some organic fruits and vegetables is severely
challenged by pests and diseases because of a limited arsenal of OMRI (Organic Materials
Review Institute)-listed insecticides and fungicides that often under-perform and are expensive
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to growers (Brockman et al., 2020; Dively et al., 2020). In fact, in the
Southern U.S., organic growers rank controlling insect pests and
diseases among the most important challenges facing organic
production (Snyder et al., 2022).

For organic cucurbits, such as melons, cucumbers and winter
squash, pests and diseases are particularly limiting. Striped and
spotted cucumber beetles [Acalymma vittatum (E) and Diabrotica
undecimpunctata howardi Barber (Coleoptera: Chrysomelidae)],
squash bugs [Anasa tristis De Geer (Hemiptera: Coreidae)], and the
squash vine borer [Melittia cucurbitae Harris (Lepidoptera: Sesiidae)]
pose the greatest insect threats to cucurbit production (Hoffmann
et al,, 2000; Brzozowski et al., 2016; Doughty et al., 2016; Middleton,
2018). While these pests cause extensive fruit and plant damage, they
are also important vectors for pathogens including Erwinia
tracheiphila Smith (bacterial wilt) and Serratia marcescens Bizio
(cucurbit yellow vine disease, CYVD) (Rojas et al., 2015; Doughty
etal, 2016). The bacterial wilt and the CYVD pathogens overwinter
in the gut of cucumber beetles and squash bugs, respectively. These
pathogens can be transmitted from vector insect to uninfected plants
when saliva and feces enter areas of feeding damage. Further,
uninfected insect vectors pick up E. tracheiphila and S. marcescens by
feeding on infected cucurbits which allows for further disease spread.
Once a plant is infected, the bacteria multiply and clog the vascular
system in the stem. This causes severe wilting and ultimately leads to
crop loss (Pair et al., 2004; Mueller et al., 2006; Seebold and Bessin,
2011; Doughty et al., 2016; Schuh and Grabowski, 2022).

Additionally, a major non-vectored disease, cucurbit powdery
mildew, caused by either Podosphaera fusca (Fries) Braun & Shishkov
or Erysiphe cichoracearum (de Candolle) Heluta, can greatly impact
crop yield by reducing photosynthetic leaf surface area and by
requiring separate management tactics from the insect-vectored
diseases (Sharma et al., 2016). Symptoms of cucurbit powdery mildew
are a white powdery growth that develops on both the top and
undersides of leaf surfaces as well as petioles and stems. Older plants
and plant parts are generally affected first. While fruit infection is
unlikely, yields can be reduced when high colonization in the leaf
surfaces reduces photosynthesis and limits nutrient availability for
fruit growth (Sharma et al, 2016). Powdery mildew disease
development is most severe when plant growth leads to low light
penetration in the canopy and high relative humidity within the stand
(Sharma et al., 2016). While dryness can be favorable for the spread of
the disease, the presence of moisture or dew does not prevent the
disease from developing (Schnathorst, 1965). It is estimated that
U.S. cucurbit farmers lose nearly $100 million USD annually from
these pest-disease complexes combined (Schroder et al., 2001).

OMRI-listed pesticide options are often ineffective at controlling
both cucurbit and other insect pests in the field. While laboratory
studies find that organic insecticides can effectively induce mortality
in insect pests, control in the field is often lacking (Morehead and
Kuhar, 2017; Dively et al., 2020). Lilley and Sanchez (2016) found that
even with weekly insecticide applications, cucumber beetle
populations remained above economic thresholds. Dively et al. (2020)
cite many reasons for a lack of field control: differences in insect
population density, number of applications, and residue coverage
influenced by spray volume and canopy structure. Further, OMRI-
listed pesticides can have non-target effects that harm pollinators and
natural enemies (Morandin et al, 2005; Desneux et al,, 2007;
Bernardes et al., 2018).
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Powdery mildew is most often managed by planting resistant
varieties and by applying fungicides (McGrath, 2015). However, most
fungicides are used preventatively as they must be applied before the
disease develops. While some organic fungicide options, such as
copper, can be very effective at controlling powdery mildew, there is
concern that overuse of fungicides can lead to resistance development
and detrimental effects on soil microbial communities, as well as
potential phytotoxicity (Marine et al., 2016). Additionally, there is a
lack of studies that compare the effectiveness of organic fungicides to
untreated controls.

One promising alternative pest control strategy is the use of fabric
or fine mesh row covers that exclude insect pests and insect vectored
diseases. Low tunnels (45.72cm tall) covered by a spunbond
polypropylene fabric are traditionally used in season extension for
protection against frost and cooler temperatures (Evans, 2016).
Beyond season extension, low tunnels also increase growth, yield,
water, and nitrogen use efficiency in addition to excluding pests
(Acharya et al,, 2019, 2020a,b). However, fabric low tunnels can trap
heat and increase the temperature under the cover beyond the plant’s
tolerance in warmer climates (Tillman et al., 2015; Skidmore et al,,
2019). In contrast, mesotunnel systems are covered by nylon-mesh
fabric that is durable, breathable and light-permeable, and is placed
over the crop on 1.1 m tall bent conduit hoops. The use of mesotunnel
systems has resulted in consistently large gains in marketable yield for
organic muskmelon and acorn squash, as well as drastically reduced
needs for insecticide and fungicide application (Hanna et al., 2016;
Athey et al., 2021; Nelson et al., 2023). Skidmore et al. (2019) found in
their cucurbit study that row cover plots contained about half the
number of pests (striped and spotted cucumber beetles) as uncovered
plots. Further, Nelson et al. (2023) found that they could reduce the
need for insecticide sprays to zero with the use of a full-season
mesotunnel stocked with commercial bumble bees for pollination.

Two major challenges of using fine mesh mesotunnel systems are
the high upfront costs and increased labor required for their
installation and maintenance. To date, few studies have compared the
profitability of mesotunnels to OMRI-listed insecticides or low
tunnels. In some experiments fine-mesh netting is less profitable than
fabric row covers (Hanna et al., 2016) and in others, mesotunnels
(fine-mesh netting) were marginally more profitable than low tunnels
(fabric row covers) and uncovered systems with OMRI-listed
insecticides (Nelson et al., 2023). Additionally, Rojas et al. (2011)
found that in years where there was a high incidence of bacterial wilt,
row covers that remained installed for long durations were more
profitable than either row cover removal at anthesis or uncovered
systems. However, in years where there was little to no bacterial wilt,
all row covers and uncovered systems were equivalently profitable.

While row covers can reduce the impact of insect pests and
vectored pathogens on different crops through exclusion, it is
unknown if row covers interact with non-vectored diseases. Row
covers alter air and soil temperatures and solar radiation (Lilley and
Sanchez, 2016; Arancibia, 2018; Acharya et al., 2019, 2020a), which
could influence non-vectored diseases such as powdery mildew. Row
covers may influence the development of powdery mildew by
modifying microclimatic conditions or acting as a partial barrier to
the movement of spores, but whether row cover microclimate
modifications enhance or reduce the growth and transmission of
powdery mildew is unknown. In this study, we compare the impact of
mesotunnels and OMRI-listed pesticides (fungicides and insecticides)
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on acorn squash: (1) insect pests and insect-vectored pathogen
symptoms, (2) non-vectored powdery mildew symptoms, (3) abiotic
microclimate conditions, and (4) the profitability of these management
techniques. We hypothesized that the mesotunnels will reduce the
number of insect pests and insect-vectored pathogen symptoms.
We also hypothesized, that non-vectored powdery mildew symptoms
will be greater under the mesotunnels, which will be accompanied by
an increase in the relative humidity and change in the other abiotic
microclimate conditions under the mesotunnels. Finally,
we hypothesized that profitability will be greatest under the

mesotunnel-only system.

2 Materials and methods

2.1 Site

We conducted field studies in the Organic Farming Unit of the
University of Kentucky’s Horticulture Research Farm in Lexington,
KY (37°58725.92” N, 84°32’5.85” W) in 2020 and 2021. This 40.5
hectare farm is within USDA (United States Department of
Agriculture) plant hardiness zone six. The farm is split into organic
and conventional zones and includes a diverse array of specialty crops.
In the certified organic section of the farm, in addition to the research
plots, a Community Supported Agriculture program grows over 50
different types and varieties of vegetables, fruit and herbs and is
holistically managed with crop rotation and cover crops.

2.2 Experimental design

The experimental design was a randomized block experiment.
Within each block (N=4), we randomized mesotunnel treatments
(mesotunnel or uncovered) and OMRI-listed pesticide treatments
(pesticides or untreated) in a two-by-two factorial design. The OMRI-
listed pesticide treatments included insecticides that were applied
following economic threshold guidelines for cucumber beetles and
squash bugs (Brust et al., 1996; Burkness and Hutchison, 1998; Brust
and Foster, 1999; Doughty et al., 2016), and at the first instance of
squash vine borers. OMRI-listed fungicides were applied when the
first evidence of powdery mildew was present. Each plot was
approximately 6.4 m wide and 9.1 m long and included three plastic-
mulch beds (0.9 m wide) spaced 0.9-1.2 m apart. Plots were separated
from each other by approximately 2.1-2.4 m.

2.3 Field preparation

Fields were amended with organic compost (University of
Kentucky Woodford County Farm) at a rate of approximately 4 tons
per hectare and spaded in early spring (Table 1). After spading, fields
were cultivated, and beds were formed with a Rain-Flo Plastic Layer
(Rain-Flo Irrigation, East Earl, PA, United States) and the Kubota
m9540 tractor (Kubota, Osaka, Japan). White plastic mulch (Berry
Global, Evansville, IN, United States), and drip tape (20.32 cm aqua-
traxx drip irrigation; The Toro Company, Bloomington, MN,
United States) were used to form the beds. Simultaneous with plastic
laying, NatureSafe 10-2-8. coarse fertilizer (Darling Ingredients,
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TABLE 1 Field activities and date of each operation for each year of the
experiment.

Operation

Flail mow cover crop in

fields 21-April 5-April
Amend fields with compost 27-April 24-March
Spade fields 3-May 23-April
Greenhouse seeding 11-May 11-May
Field cultivate 12-May 13-May
Bed formation 12-May 14-May

Plastic cultivate weeds in

furrows May 22, 29, June 2 May 21, June 1
Seed cover crop in furrows 3-June 4-June
Transplant and install

treatments 3-June 8-June
Insert sticky cards 10-June 9-June
Remove sticky cards 17-June 16-June
Removed mesotunnels for

pollination (2020) or opened

ends of mesotunnels for 22 June 2 June
pollination (2021)

BCS flail mow teff NA® 7-July
Replaced mesotunnels 8-July 15-July
Insert sticky cards 8-July 15-July
Remove sticky cards 15-July 26-July
Harvested acorn squash 7-August 11-August

“We only mowed the teff in 2021, hence NA in 2020.

Irving, TX, United States) was applied at a rate of 16.3-18.1kgs per
hectare (Table 1).

‘Table Ace’ acorn squash (Cucurbita pepo) (Seedway, LLC. Hall,
NY, United States) seeds were sown into 10, 72-cell trays (3.8cm x
3.8cm x 5.7cm) using Vermont Compost (Vermont Compost
Company, Montpelier, VT, United States; Table 1) and grown inside a
greenhouse. Four-week-old acorn squash seedlings were transplanted
in single rows with 61 cm in-row spacing and transplant holes were
backfilled with woodchips (2020) and organic Promix (Premier Tech
Horticulture, Delson, Quebec, Canada) (2021) to prevent
weed emergence.

On the day of transplanting, a living mulch of teft (Eragrostis tef;
Corvallis-nitro coat; Welter Seed, Onslow, IA, United States) was sown
for weed control at a rate of 4.4kg per hectare in 2020. In 2021, a rate
of 6.5kg per hectare was used to improve weed control. Additionally,
in 2021 the teff was mowed to a height of 5.1-7.6 cm with a BCS flail
mower (BCS America, Oregon City, OR, United States) 33 days after
establishment to limit teff from shading the acorn squash later in
the season.

After transplanting, we immediately installed mesotunnels over
the respective treatments. Hoops were installed in each plot with 1.1 m
tall bent, electrical conduit pipe hoops (Johnny’s Selected Seeds,
Winslow, ME, United States) by evenly spacing five hoops on each of
the two outside beds every 1.8 m and three hoops in the center bed
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every 3m. Fine-mesh netting (60-g netting; Tek-Knit Industries
Montreal, Quebec, Canada), cut to the appropriate dimensions, was
installed above the hoops, and weighed down at the perimeter by
rock bags.

To allow for insect-mediated pollination of acorn squash,
we opened mesotunnels during flowering to allow wild pollinators to
access squash flowers. In 2020, we completely removed the fine mesh
net at flowering for 16 days before reestablishing the netting (on-off-
on strategy). In 2021, we modified this approach by only opening the
two ends of the tunnel by clipping the ends of the netting to the
supporting hoops (open ends strategy). A previous experiment in
2020 found just opening the ends of the mesotunnel increased
cucurbit yield compared to the entire removal of nets (Unpublished
data). Mesotunnel ends were open for 21 days.

2.4 Arthropod and disease measurements

To determine the effect of pest management treatments on pest
abundance, we deployed two pest abundance measurements. One
week after transplanting, one sticky card, (6.35cm x 8.89 cm) (Arbico
Organics, Oro Valley, AZ, United States) was placed approximately
1.5m inwards from each end of the center bed in each plot. The sticky
cards were removed after 7 days. After the pollination was complete
and the mesotunnel nets were reestablished, a second set of sticky
cards were placed in each plot for 7 days. All insect pests of cucurbits
present on sticky cards were quantified. Visual observations (scouting)
of insect pests were conducted weekly on three flagged plants (at 3,
4.6, and 6.1m) in the center bed of each plot. For 60s, a trained
observer counted the number of striped and spotted cucumber
beetles, squash bug adults, nymphs, and eggs. Two squash vine borer
pheromone traps (Great Lakes IPM, Vestaburg, MI, United States)
were placed at the north and south ends of our experimental fields and
monitored weekly for squash vine borer activity.

Weekly visual observations also guided the application of OMRI-
listed insecticides and fungicides. For striped cucumber beetle, we used
an economic threshold of one beetle per plant to decide on the
application of insecticides (Brust et al., 1996; Burkness and Hutchison,
1998; Brust and Foster, 1999). There is no economic threshold published
for the spotted cucumber beetle, so we used the same recommendations
for striped cucumber beetle. We followed the published economic
threshold of one adult squash bug per plant or one egg mass per plant to
manage for squash bugs (Doughty et al., 2016). If the thresholds were
met for either of the pests (cucumber beetles or squash bugs), we applied
a mixture of kaolin clay (Surround WP, Tessenderlo Kerley, Inc., Phoenix,
AZ, United States; 11.34kg/0.4 hectares), pyrethrins and azadirachtin
(Azera, MGK Company, Minneapolis, MN, United States; 1.421/0.4
hectares), and an adjuvant (Nu-Film P, Miller, Hanover, PA, United States;
118.29mL/0.4 hectares) following recommended rates on a weekly basis.
After the first observation of squash vine borers, we also included
Bacillus thuringiensis (Javelin WG, Certis Biologicals, Columbia, MD,
United States; 0.61kg/0.4 hectares) within the insecticide mixture. At the
first observation of powdery mildew, we also applied cuprous oxide
(Nordox 75 WG, Brandt, Springfield, IL, United States; 0.57kg/0.4
hectares) to treated plots. Weekly applications continued until 2 weeks
before harvest in 2020 due to rain events and until the week of harvest
in 2021.

At the end of the growing season, immediately before harvest,
we evaluated wilt symptoms associated with Bacterial wilt and CYVD
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in each plot. We counted the number of wilted plants, including dead
plants, in each of the beds across each treatment. We observed no wilt
symptoms in the field in 2020, therefore we did not present the data.

During harvest in 2020 and 2021, we determined the severity of
powdery mildew in each plot. We established a visual scale for
assessing powdery mildew damage, with ratings based on the
percentage of coverage on both the upper and under sides of leaves.
The scale ranges from 0-20%, 20-40%, 40-60%, 60-80%, to 80-100%.
One leaf from the approximate top or center of the plant was sampled
from 10 acorn squash plants every 0.9m in the central bed of each
plot. The severity of powdery mildew was then estimated by averaging
the percent coverage of the upper- and under-side of each leaf.

2.5 Yield measurements

Acorn squash was harvested once fruit were mature with a dark
green color and an orange spot on the bottom. The number of fruits
and total weight of fruits were recorded from 10 plants in the center
bed of each plot. The fruits were graded according to USDA standards
and divided into marketable yield (USDA number 1 and USDA
number 2) and unmarketable yield (USDA Agricultural Marketing
Service, 1983).

2.6 Temperature, humidity, and dew point
measurements

Air temperature, humidity, and dew point were measured on even
hours in all treatments from transplanting until harvest using
temperature and relative humidity sensors (WatchDog B series;
Spectrum Technologies, Inc., Aurora, IL, United States). One sensor
was placed approximately 30.5cm above the raised plastic bed in the
central bed.

2.7 Statistical analysis

The visual observation data of pest insects and climate conditions
were organized to capture changes resulting from mesotunnel
management of pollinators given that nets were opened or removed
during flowering. We aggregated measurements into three net-stages
by averaging data collected during each stage. The “pre-flowering”
net-stage ranged from transplant until the netting was removed for
pollination. The “flowering” net-stage ranged from netting removal
until the netting replacement at the conclusion of flowering. The
“post-flowering” net-stage ranged from netting replacement
until harvest.

To determine the impact of the mesotunnel and pesticide
treatments, we analyzed data from 2020 and 2021 separately due to
the use of the different mesotunnel pollination strategies within each
year (on—-off-on strategy in 2020 and open-ends strategy in 2021). For
all analyses within each year, we applied Linear Mixed Models (LMM)
with mesotunnel treatments, pesticide treatments, and their
interaction as fixed effects and block as a random effect using R,
version 4.0.3 (R Core Team 2020, R Foundation for Statistical
Computing, Vienna, Austria) and the function ‘lmer’ [R-package
‘Ime4” (Bates et al., 2015)]. For visual observations of cucumber
beetles and squash bugs, we also included the factor net-stage and all
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two- and three-way interactions as fixed effects to understand the pest
abundance dynamics during periods when mesotunnels were closed
(pre-flowering), opened (flowering), and re-closed (post-flowering).
We tested each model for the assumptions of normality using the
Shapiro-Wilks test on model residuals. For all data, we averaged
subsamples within each experimental plot to help meet the
assumptions of a normal distribution. A square-root transformation
was applied to meet the assumptions of normality for some dependent
variables. Post hoc pairwise contrasts were performed using the
function ‘emmeans’ with a Tukey adjustment [R-package ‘emmeans’
(Lenth et al, 2019)]. However, for squash bug abundance the
non-parametric Kruskal-Wallis test was used to assess the effects of
mesotunnel treatments and pesticide treatments for each net-stage.
For unmarketable yield, we used a Kruskal-Wallis test to assess the
effects of mesotunnel and pesticide treatments for 2020, due to the
lack of normality of the data.

Similar to the pest, disease, and yield data analysis, all climate data
was analyzed separately by year. We tested each model for the
assumptions of normality using the Shapiro-Wilks test on model
residuals. All climate variables were highly non-normal, therefore
we used a Kruskal-Wallis test to assess the effects of the mesotunnel
treatments on temperature, dew point, and relative humidity. For air
temperature, relative humidity, and dew point, the minimum,
maximum, and mean values were averaged across all time points for
each treatment during each net-stage.

2.8 Economic analysis

A partial budget analysis was conducted to compare the cost and
economic efficiency of all treatments (Calkins and DiPietre, 1983).
We collected mesotunnel-related cost data, including hoops, netting,
rock bags, spraying pesticides, and weeding. Labor costs included
mesotunnel preparation and setup, net cutting, rock bag filling,
pollination-related labor, field clean-up after harvest, pesticide
spraying, and weeding labor. Other costs including field preparation,
seeds, irrigation materials, white plastic mulch, etc., were treated as
common cost items.

We used an annual equivalent cost approach to convert the cost
of the netting to the annual cost of using it over its assumed life of
5 years (Cui et al., 2022). Equation 1: Formula to calculate annual

« »

equivalent cost is shown below (where “r” is the interest rate and “t” is

the assumed life of the asset):

Asset Price
1

(14 ) 1

*r, wherer =5%,t=15

Equation 1. Formula to calculate annual equivalent cost.

Similarly, the electrical conduit pipe and the conduit bender (a
tool to bend the conduit into the hoop shape) were assumed to last
for 10 years. The conduit bender was assumed to be used for all the
subplots in the experiments, therefore, we divided the cost by the
number of subplots in the experiment. Labor was classified as
unskilled for all tasks except the spraying of OMRI-listed pesticides.
We assumed an hourly wage rate of unskilled labor was $18 and
skilled labor was $20. The sprayer cost was calculated by the annual
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equivalent cost equation, prorating the costs among treatments
based on the number of pesticide-spray trips. For example, the
annual equivalent cost for a 300-gallon-capacity boom sprayer with
drawbar pull is around $489 based on a 10-year estimated lifetime.
During 2021 experiments, 7-day sprays were applied in the OMRI-
listed pesticide treatment. Dividing 489 by 365 days per year and
multiplying by 7 results in an estimated sprayer cost of $9.38, which
encompasses only the machine cost, but not the labor and
pesticide costs.

Based on the collected information, we estimated total cost,
marketable yield, revenue, profitability (revenue - total costs), and Net
Present Value. Net Present Value was calculated by assuming a
discount rate of 7% based on the estimate from Federal Energy
Management Program and using the Microsoft Excel formula NPV
(discount rate, cash flow) (Advisers, 2017; Cui et al, 2022). A
robustness check using a 3% discount rate was conducted and does
not change the main conclusions. To estimate revenue, we assumed
retail prices for acorn squash were $4.40 per kg and wholesale prices
were $2.65 per kg. We used the results from the retail price to report
the revenue, net profit, and NPV.

3 Results
3.1 Cucumber beetles

For cucumber beetles sampled using sticky cards, we found
uncovered treatments had nearly seven times more cucumber beetles
than did the mesotunnel treatments in 2020 (Figure 1A, F,;,=54.9,
p<0.001). In 2021, uncovered treatments had almost three times more
cucumber beetles on sticky cards than did the mesotunnel treatments
(Figure 1B, F, ;,=12.8, p=0.004). There was no effect of the OMRI-
pesticide treatments on cucumber beetles found on sticky cards (2020
F,1,=0.1, p=0.766; 2021 F,,,=0.0, p=0.965) nor was there an
interaction between the mesotunnel and OMRI-pesticide treatments
(2020 F, ,=2.1, p=0.172; 2021 F, ;,=0.3, p=0.576).

Weekly visual surveys of cucumber beetles (per squash plant)
revealed that the effect of the mesotunnel treatments varied across the
pre-flower, flowering, and post-flower growth stages (net-stage factor) in
both 2020 and 2021 (Figures 1C,D and Table 2). In the pre-flower stage,
uncovered treatments had 1.7 and 0.3 times more cucumber beetles than
did mesotunnel treatments in 2020 and 2021, respectively. However, in
the flowering and post-flowering stages after mesotunnels had been
opened (for pollination), the mesotunnel treatment tended to have more
cucumber beetles than the uncovered treatments. In the flowering stage,
the mesotunnel treatments had 1.6 and 2 times more cucumber beetles
than did the uncovered treatments in 2020 and 2021, respectively. During
the post-flowering stage in 2020 and 2021, the mesotunnel treatments had
1.2 and 2.2 times more cucumber beetles than did the uncovered
treatments, respectively. There was no effect of the OMRI-pesticide
treatments and no other significant interactions (Table 2).

3.2 Squash bugs
In 2020, squash bug adults were first observed within the second

week of the experiment for the uncovered-untreated treatments, the
first week for the uncovered, pesticide-only treatment, never in the
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interactions.

(A) Mean number of cucumber beetles on sticky traps in 2020. Uncovered treatments had nearly seven times more cucumber beetles than
mesotunnel treatments. (B) Mean number of cucumber beetles on sticky traps in 2021. Uncovered treatments had nearly three times more cucumber
beetles than mesotunnel treatments. Asterisks indicate significant effects at alpha = 0.05. (C) Number of cucumber beetles per visual survey (mean
across all weeks) of acorn squash plants at each of the net-stages for 2020. There is an interaction between squash flower phenology and mesotunnel
treatment. Pre-flower mesotunnel is signficantly different than any other net-stages and mesotunnel interactions in 2020. (D) Number of cucumber
beetles per visual survey (mean across all weeks) of acorn squash plants at each of the net-stages for 2021. There is an interaction between squash
flower phenology and mesotunnel treatment and the pre-flower mesotunnel interaction is different than any other net-stage and mesotunnel
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mesotunnel-only treatment, and in the sixth week for the mesotunnel-
pesticide treatment. In 2021, the first observations of squash bug
adults were in the third or fourth week of the experiment for all
treatments. The number of adult and nymphal squash bugs did not
statistically differ between treatments across any net-stage in 2020 or
2021 (Tables 3, 4). Similarly, the number of squash bug eggs did not
differ between treatments across any net-stage in 2020. However, the
number of squash bug eggs was 6.5 times and 2.6 times greater in
uncovered treatments compared to mesotunnel treatments in the
flowering and post-flowering net-stages in 2021, respectively
(Tables 3, 4).

3.3 Insect-vectored and non-vectored
diseases

In 2020, no wilting symptoms indictive of bacterial wilt or CYVD
were observed. In 2021, there was no difference in the occurrence of
wilting symptoms across mesotunnel treatments (F,;,=0.1,
p=0.7232), OMRI-pesticide treatments (F, ,,=0.2, p=0.6712), or the
interaction between treatments (F,,,=0.1, p=0.7767).

In 2020, the uncovered treatments had 1.4 times more powdery
mildew incidence compared to the mesotunnel treatments

Frontiers in Sustainable Food Systems

(Figure 2A). There was 1.9 times more powdery mildew incidence in
untreated treatments relative to the OMRI-pesticide treatments
(Figure 2B and Table 5), however there was no interaction between
treatments. In 2021, there was 1.3 times more powdery mildew
incidence in the uncovered treatments compared to the mesotunnel
treatments (Figure 2C and Table 5). However, there was no effect of
the OMRI-pesticide treatments nor an interaction between
mesotunnel and OMRI-pesticide treatments in 2021 (Figure 2D and
Table 5).

3.4 Squash yield

The mesotunnel treatments had 54 and 46% higher
marketable yield compared to the uncovered treatments in 2020
and 2021, respectively (Figures 3A,C and Table 6). The OMRI-
pesticide treatments had no effect on marketable yield in 2020
(Figure 3B) and there was no interaction between treatments. In
2021, marketable yield in the untreated treatments tended to
be lower than the OMRI-pesticide treatments (Figure 3D and
Table 6). We found no difference in unmarketable yield between
treatments for either 2020 (Supplementary Table S1) or 2021
(Supplementary Tables S2, S3).
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TABLE 2 Statistical comparisons of net-stage, mesotunnels, and OMRI
pesticide treatment effects on the mean numbers of cucumber beetles
observed in surveys from each year of the experiment.

Year Treatment DF F-value p-value
effect

2020 Net-Stage® 2,33 6.3 0.004
Mesotunnel 1,33 2.7 0.107
OMRI Pesticides 1,33 0.1 0.726
Net-Stage® x Meso 2,33 19.0 <0.001
Net-Stage® x
Pesticides 2,33 2.0 0.152
Meso x Pesticides 1,33 0.7 0.394
Net-Stage* x Meso
x Pesticides 2,33 22 0.130

2021 Net-Stage* 2,33 79.0 <0.001
Mesotunnel 1,33 2.5 0.123
OMRI Pesticides 1,33 0.4 0.511
Net-Stage® x Meso 2,33 17.5 <0.001
Net-Stage® x
Pesticides 2,33 1.4 0.257
Meso x Pesticides 1,33 3.7 0.063
Net-Stage® x Meso
x Pesticides 2,33 1.8 0.183

“Net-stage is the phenological plant development stage (pre-flower, flowering, and post-
flower). Additionally, mesotunnels were only open during the flowering stage. Bold values
indicate significant effects at alpha level = 0.05.

3.5 Microclimate

We found small differences in the minimum, mean, and
maximum temperature, humidity, and dewpoint between the
mesotunnel and uncovered treatments in some net-stages and years
of the 54-56  and
Supplementary Figures S1-53). However, with both years of data

study  (Supplementary  Tables
combined, the mesotunnel treatments did not alter temperature,
humidity, or dewpoint compared to the uncovered treatments (Table 7

and Supplementary Figure S4).

3.6 Economic

Total labor use (hours) was lowest in the uncovered-untreated
treatment, followed by the pesticide-only, then the mesotunnel-only, and
finally the mesotunnel-pesticide treatment (Supplementary Table 57).
The mesotunnel-only treatment required only 2.7% more labor hours
compared with the pesticide-only treatment.

Similarly, the uncovered-untreated treatment had the lowest
total costs associated with production, followed by the
mesotunnel-only, then the pesticide-only, and finally the
mesotunnel -pesticide treatment (Table 8). In 2020 and 2021,
total costs for mesotunnel-only treatment were 8 and 1% lower
than the pesticide-only treatment, respectively. Total costs for
mesotunnel-only, pesticide-only, and the mesotunnel-pesticide
treatments were double that of the uncovered- untreated
treatment in both 2020 and 2021.
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Retail prices ($4.40/kg) greatly increased the revenue generated
per 0.4 hectares relative to wholesale prices ($2.65/kg) (Table 8).
Below for simplicity, the revenue generated across treatments are
summarized for retail prices, however patterns across treatments
were consistent among retail and wholesale prices. In 2020 and
2021, the mesotunnel-only treatment had 57 and 15% greater retail
revenue than the pesticide-only treatment. Compared to the
uncovered-untreated treatment, the mesotunnel-only treatment
had 37 and 78% greater retail revenue in 2020 and 2021. The
mesotunnel-pesticide treatment had 55 and 25% greater retail
revenue than the pesticide-only treatment in 2020 and 2021,
respectively. Compared to the uncovered-untreated treatment, the
mesotunnel-pesticide treatment had 36 and 93% greater retail
revenue in 2020 and 2021.

The retail net profit was highest in the mesotunnel-only
treatment in both 2020 and 2021, while the mesotunnel-pesticide
treatment followed closely behind. In 2020 and 2021, the
mesotunnel-only treatment had 92 and 20% higher retail net
profit than the pesticide-only treatment, respectively. Compared
to the uncovered-untreated treatment, the mesotunnel-only
treatment had 27 and 74% higher retail net profit in 2020 and
2021. The mesotunnel-pesticide treatment had 65 and 19%
higher retail net profit than the pesticide-only treatment in 2020
and 2021, respectively. Compared to the uncovered-untreated
treatment, the mesotunnel-pesticide treatment had 9 and 72%
higher retail net profit in 2020 and 2021.

The mesotunnel-only treatment had the highest Net Present Value
across 2020 and 2021 (Table 9). The mesotunnel-only treatment
increased the Net Present value by 47% increase in net profit, followed
by the mesotunnel-pesticide treatment (36% or $10,588 per 0.4
hectares) compared to the pesticide-only treatment. Compared to the
uncovered-untreated control, the mesotunnel-only treatment also has
a47% ($13,907 per 0.4 hectares) increase in net profit, followed by the
mesotunnel-pesticide treatment (36% or $10,714 per 0.4 hectares).
We also conducted a robustness check applying the 3% discount rate
to generate NPV (Table 9), which shows similar results and confirms
the stability of our analysis.

4 Discussion

This study highlights three important findings regarding the
mesotunnel system: (1) Mesotunnels reduced insect pests and
increased marketable yield, but their effects on pests depended on the
stages of net management for pollination. (2) Mesotunnels reduced
the incidence of powdery mildew. (3) Mesotunnels increased
profitability relative to uncovered controls and OMRI-listed pesticide
treatments. Together these results offer support that mesotunnels are
a highly efficacious pest management strategy that reduce the reliance
on organic insecticide use and are cost-effective for organic producers.

4.1 Row covers reduce pests and increase
yield

Our findings are consistent with prior evidence that row covers
reduce insect damage and pest abundance and increase marketable
yield in a variety of crops (Moreno et al., 2002; Rojas et al., 2011;

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1347924
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Fiske et al.

TABLE 3 Statistical comparisons?® of the net-stage, mesotunnel, and
OMRI pesticide treatments on the combined relative abundance of
squash bug adults, nymphs and eggs across 2020 and 2021.

Ne[VEN Year Treatment
bug
Adults and
nymphs 2020 Pre-Flower | Mesotunnel 2.1 0.143
OMRI Pesticides 0 1
Flowering Mesotunnel 1 0.317
OMRI Pesticides 1 0.317
Post-Flower | Mesotunnel 1 0.318
OMRI Pesticides 0.5 0.495
2021 Pre-Flower | Mesotunnel NA NA
OMRI Pesticides NA NA
Flowering Mesotunnel 1.3 0.255
OMRI Pesticides 0 0.914
Post-Flower | Mesotunnel 1.1 0.293
OMRI Pesticides 0.1 0.793
Eggs 2020 Pre-Flower | Mesotunnel NA NA
OMRI Pesticides NA NA
Flowering Mesotunnel 2.1 0.143
OMRI Pesticides 2.1 0.143
Post-Flower = Mesotunnel 0.9 0.339
OMRI Pesticides 0.5 0.489
2021 Pre-Flower | Mesotunnel NA NA
OMRI Pesticides NA NA
Flowering Mesotunnel 5.6 0.018
OMRI Pesticides 0.4 0.519
Post-Flower | Mesotunnel 5.9 0.015
OMRI Pesticides 0.3 0.598

“For squash bug adults, nymphs, and squash bug eggs individual Kruskal-Wallis test was
used comparing mesotunnel treatments in each net-stage. NA, Analysis could not

be conducted because there were no squash bug adults, nymphs, or egg clusters observed at
these net-stages. Bold values indicate significant effects at alpha level = 0.05.

Gogo et al., 2014; Kuesel et al., 2019; Nair et al., 2019; Skidmore
et al., 2019; Brockman et al., 2020; Acharya et al., 2020b; Athey
etal., 2021; Nelson et al., 2023). We found that mesotunnels reduce
cucumber beetles significantly during the early developmental
stages of cucurbit growth when nets were closed (before flowering).
However, we did find more cucumber beetles under mesotunnels
compared to uncovered treatments during the flowering and post-
flowering net-stages. Given that acorn squash, like many cucurbits,
is highly dependent on bee pollination for fruit set, mesotunnels are
often partially opened or removed entirely during flowering. Once
the mesotunnels have been opened for pollination, the acorn squash
plants can be colonized by cucumber beetles. Given that row covers
increase the growth and size of cucurbit plants (Acharya et al., 2019,
2020a) it is likely that cucumber beetles were more attracted to
mesotunnel plants during the flowering stage resulting in greater
abundance per plant. We also observed larger and longer flowering
blooms under mesotunnels (Unpublished data) which could have
been more attractive to cucumber beetles; larger flowers have been
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TABLE 4 Mean + SE of the relative abundance of squash bug adults and
nymphs and eggs at each net-stage in 2020 and 2021 for mesotunnel and
uncovered treatments?.

Net-stage
Treatment® flz:/(\au-er Flower fllpgvf/tér
Adults and
nymphs 2020 | Mesotunnel 0(0) 0(0) 3.9(0.7)
Uncovered 0(0) 0(0) 2.0 (0.7)
2021 Mesotunnel 0(0) 0.1(0.1) 2.9(0.9)
Uncovered 0(0) 0.3(0.2) 5.8(2.8)
Eggs 2020 Mesotunnel 0(0) 0(0) 0.4 (0.1)
Uncovered 0(0) 0(0) 0.5 (0)
2021 Mesotunnel 0(0) 0.1 (0)* 0.6 (0.3)*
Uncovered 0(0) 0.5(0.2) 1.6 (0.4)

“For squash bug adults, nymphs, and squash bug eggs individual Kruskal-Wallis test was
used comparing mesotunnel treatments in each net-stage. "The mesotunnel treatment
includes both OMRI insecticide treatment and untreated mesotunnel treatments, while the
uncovered treatment includes both OMRI insecticide treatment and untreated, uncovered
treatments. *Indicate significant effects at alpha level =0.05.

found to be more attractive to cucumber beetles (Theis et al., 2014).
After the mesotunnels were closed after flowering, it is possible that
insect pests were trapped within the tunnels resulting in a higher
density per plant through the post-flowering net-stage. Striped
cucumber beetles can complete one to three generations per year
with egg incubation taking 5-9 days and larval development taking
2-4weeks (Legault, 2007). Therefore, it is possible the flowering and
post-flowering net-stages (~35 days) is sufficient for the beetles to
complete one life cycle and increase in abundance by the end of the
post-flowering net-stage.

Despite observing higher cucumber beetle abundance in
mesotunnels after flowering, we still found that marketable yields were
higher in the mesotunnel treatments compared to the uncovered
treatments. Prior evidence suggests that early feeding damage on
cotyledon and the first-leaf stage can cause yield reductions due to a
loss of foliar surface area and a reduction in plant vigor (Brewer et al.,
1987). Larger, mature plants may be more resistant to cucumber beetle
damage because they have a greater leaf surface area per beetle and
they have larger root systems that are better able to regenerate
damaged plant tissue (Brewer et al., 1987). Furthermore, greenhouse
studies have found that only 10% of squash plants that have reached
the first and third true leaf stages show symptoms of CYVD compared
to 60% of squash plants that have reached the un-expanded cotyledon
stage (Bruton et al., 2003). Our results provide evidence that protecting
cucurbits from insect pests early in development is more important
for cucurbit yield than protecting cucurbits at later developmental
stages (past flowering).

While we found fewer squash bug eggs under mesotunnels in the
flowering and post-flowering net-stages (in 2021), we found no effect
of mesotunnels on adults and nymphs in either year. The effect of
mesotunnels on squash bugs may have deviated from the observed
effect on cucumber beetles because squash bug abundance increased
later in the season during the flowering and post-flowering stages.
Cucumber beetles were present in sufficient densities to cause damage
at the time of planting, while squash bugs lagged behind one to
6 weeks after planting.
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FIGURE 2

Mean percent of powdery mildew incidence per 10 acorn squash leaf samples per treatment. (A) There was an effect of mesotunnel and (B) OMRI
pesticides on the powdery mildew incidence in 2020. (C) There was an effect of mesotunnels only on powdery mildew in 2021. (D) There was no
effect of OMRI pesticides on powdery mildew incidence in 2021. Asterisks indicate significant effects at alpha level = 0.05. NS = not significant.
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TABLE 5 Statistical comparisons of mesotunnel, OMRI Pesticides, and the
interaction of mesotunnel and OMRI pesticides on powdery mildew
incidence across 2020 and 2021.

Year Treatment DF F-value P-value
effect

2020 Mesotunnel 1,9 15.4 0.004
OMRI Pesticides 1,9 426 <0.001
Meso x Pesticides 1,9 4.6 0.060

2021 Mesotunnel 1,9 10.9 <0.001
OMRI Pesticides 1,9 0.2 0.686
Mesotunnel x
Pesticides 1,9 0.0 0.851

Bold values indicate significant effects at alpha level = 0.05.

Our study did not observe high incidence of bacterial wilt or
CYVD. In fields where there has been a history of bacterial wilt or
CYVD, alternative mesotunnel strategies may be deployed.
We deployed part-season pollination strategies (on-off-on in 2020,
opened ends in 2021), which allow wild pollinators to visit squash
flowers for pollination, but also allow pests to breach the
mesotunnel. A full season mesotunnel strategy that maintains nets
on during the entire season can be achieved by stocking tunnels
with commercial bumble bee colonies. When high disease pressure
from bacterial wilt or CYVD is present, a full season mesotunnel
increased marketable yield four times higher than uncovered
control (Nelson et al., 2023).
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4.2 Effect of mesotunnels on powdery
mildew

Contrary to our hypothesis, we found 36% (2020) and 25% (2021)
lower incidence of powdery mildew in mesotunnel treatments
compared to the uncovered treatments. Few studies have compared
the effect of row covers on the incidence of powdery mildew. Minter
and Bessin (2014) noted that full season row covers appeared to have
less incidence of powdery mildew than part-season row covers. To our
knowledge, no other row cover studies have specifically looked at
powdery mildew incidence.

Mesotunnels may reduce powdery mildew by altering the
microclimate or by acting as a physical barrier. Some research
suggests that powdery mildew develops best at 35°C and 70%
relative humidity (Sharma et al, 2016), and under low light
conditions (Cheah et al., 1996). However, temperature and relative
humidity did not differ significantly across mesotunnel and
uncovered treatments. Further, mesotunnels reduce solar radiance
by approximately 8% (Dubois Agrinovation, 2022) which should
increase powdery mildew incidence. Yet in our study we found
lower incidence under mesotunnels. Mesotunnels may also act as
partial physical barriers to powdery mildew spores. While this has
never been studied in mesotunnel systems, polyculture studies that
manipulate host and non-host densities show that non-host plants
can act as physical barriers to pathogen spore movement. For
example Luo et al. (2021) and Villegas-Fernandez et al. (2021)
found that different plant canopy structures and different non-host
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effects at alpha level = 0.05. NS = not significant.

Mean marketable weight (kg.) of acorn squash yield across 2020 and 2021. (A) There was an effect of mesotunnels on marketable yield in 2020, (B) but
not of OMRI pesticides. There was an effect of mesotunnels (C) and a slight effect of OMRI pesticides (D) on yield in 2021. Asterisks indicate significant
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TABLE 6 Statistical comparisons of mesotunnel, OMRI pesticides, and the
interaction of mesotunnel and OMRI pesticides on the marketable weight
(kg) of acorn squash.

Treatment F-value P-value
effect

2020 Mesotunnel 1,9 14.3 0.004
OMRI Pesticides 1,9 <0.0 0.931
Meso x Pesticides 1,9 0.2 0.645

2021 Mesotunnel 1,9 26.2 <0.001
OMRI Pesticides 1,9 9.4 0.014
Meso x Pesticides 1,9 2.9 0.125

There was an effect of mesotunnel on marketable yield across both years. Bold values
indicate significant effects at alpha level = 0.05.

crops reduced powdery mildew on wheat and pea. Ratnadass et al.
(2012) also found that air-borne and splash-borne pathogens can
be affected by plant physical barriers. Thus, it is plausible that row
covers also act as a partial physical barrier to pathogen spores.
Future studies should investigate the use of spore traps inside and
outside of row covers to determine whether the mesotunnel can act
as a physical barrier.

4.3 Mesotunnels increase profitability
Lastly, we found support for our hypothesis that the

mesotunnel-only treatment is the most profitable. Perhaps
surprisingly, the material and labor costs of implementing
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TABLE 7 Statistical comparisons and the means + standard errors across
both years of the climate data for mesotunnel treatments and uncovered
treatments.

Uncovered Mesotunnel F-value P-value

Temperature (°C)

Min 12.6 (0.3) 12.8 (0.3) 2.4 0.137
Mean 25.3(0.1) 25.3(0.1) <0.1 0.897
Max 40.9 (0.5) 40.9 (0.5) <0.0 0.956
Humidity (%)

Min 32.8(0.6) 33.9(0.7) 1.8 0.197
Mean 78.1 (0.4) 78.5 (0.4) 0.6 0.44
Max 100 (0) 100 (0) NA NA

Dewpoint (°C)

Min 12.1 (0.2) 12,5 (0.2) 27 0.114
Mean 20.3(0.2) 20.4 (0.1) 0.3 0.576
Max 28.5(0.3) 28.7 (0.3) 0.2 0.642

There was no differences between the mesotunnels or the uncovered treatments for any of
the climate data. Maximum humidity was at 100% for mesotunnel and uncovered
treatments, therefore no statistical analysis could be done.

mesotunnels alone were lower or roughly equivalent to the
pesticide-only treatment (Table 8). OMRI-listed pesticides are
expensive and the six to seven applications per year do require
significant labor hours making mesotunnels competitive with
organic pesticide management strategies. However, the revenue
generated by the mesotunnel-only treatment was roughly equivalent
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TABLE 8 Marketable yield (kg), revenue and profit ($) of acorn squash from 2020 and 2021 for 0.4 hectares (1 acre) plot for each treatment.

Wholesale price Retail price

Mesotunnel OMRI- Marketable Total Revenue Net Revenue Net
pesticides yield costs profit profit

2020 Uncovered Untreated 4,681 2,879 12,383 9,504 20,638 17,760
Pesticide 4,088 6,273 10,816 4,543 18,026 11,753

Mesotunnel Untreated 6,435 5,774 17,023 11,249 28,372 22,598

Pesticide 6,349 8,644 16,797 8,153 27,994 19,351

2021 Uncovered Untreated 3,966 2,872 10,491 7,619 17,486 14,613
Pesticide 6,118 5,790 16,185 10,395 26,975 21,185

Mesotunnel Untreated 7,049 5,724 18,649 12,925 31,082 25,358

Pesticide 7,670 8,642 20,292 11,650 33,820 25,178

TABLE 9 Net present values ($ per 0.4 hectares) across 2020 and 2021 net profits of acorn squash for retail and wholesale prices using a 7% discount

rate and a 3% discount rate for a robustness check.

7% discount rate

3% discount rate

Mesotunnel OMRI-pesticides Wholesale price: Retail price: Wholesale price: Retail price:
NPV NPV NPV NPV
Uncovered Untreated 15,537 29,362 16,409 31,017
OMRI pesticides 13,325 29,488 23,105 45,842
Mesotunnel Untreated 21,803 43,269 18,897 42,520
OMRI pesticides 17,795 40,076 14,209 31,380

to the mesotunnel-pesticide and was far greater than the uncovered-
untreated and the pesticide-only treatments. Similar to our study,
Nelson et al. (2023) found that mesotunnel systems had greater
total costs compared to uncovered, untreated treatments. However,
the mesotunnel system had significantly greater cost efficiencies due
to the higher marketable yield beneath the mesotunnels in organic
muskmelon (Nelson et al., 2023). Rojas et al. (2011) also found that
mesotunnel costs were much higher than the uncovered, untreated
control. However, in some years with high bacterial wilt disease, the
mesotunnels had a higher net return than the uncovered, untreated
treatments (Rojas et al, 2011). These studies provide strong
evidence that mesotunnels may be an economically efficient strategy
for organic pest management of cucurbit pests and the associated
diseases. In conditions with higher wilt and CYVD, mesotunnels
may be even more cost effective than wuncovered or
insecticide treatments.

At the same time, 46% of organic farmers perceive accessing labor
as a non-production challenge (Snyder et al., 2022). The increased
labor requirements of mesotunnels at large scales may act as a barrier
to adoption of this practice. This study did not attempt to compare the
number of workers needed to manage mesotunnels relative to other
treatments at this scale. However, growers have reported that 3-8
workers are needed to manage mesotunnels at approximately 0.4
hectares (Personal communications). This is likely a greater labor
requirement than that needed to manage the same area with
insecticide use but is likely not greater than the labor required to
manage a vegetable operation that would implement mesotunnels at
a 0.4 hectare scale. For example, for a 4-5 hectare (10-12 acres)
diversified vegetable operation (University of Kentucky Community
Supported Agriculture) typically employs five full time workers and
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6-10 workers during peak summer harvest (Durbin et al., 2022). To
help guide growers seeking to adopt mesotunnels, future research
should identify the appropriate scales of mesotunnel use for different
sized operations and the corresponding number of workers needed
to do so.

It should also be noted that the pesticide-only treatment was
relatively ineffective at suppressing pests, was costly, and did not
increase yield making it roughly as profitable as the uncovered-
untreated treatment. However, in 2020, the pesticide-only treatment
did reduce the incidence of powdery mildew relative to the
uncovered-untreated treatment but was only marginally different
from the mesotunnel treatments. Furthermore, the pesticide-only
treatment was not consistent every year, as it did not reduce
powdery mildew relative to the mesotunnel-only treatments or the
uncovered-untreated treatment in 2021. The total costs for the
pesticide-only treatment were greater than the uncovered-untreated
control and the mesotunnel-only treatment. One of the insecticides
used, Azera, can cost up to $415 for one gallon. Due to this
underperformance and low revenue generation, it is not surprising
that the high costs of this management technique limit their
cost-effectiveness.

5 Conclusion

We find support that row covers limit insect pests at vital stages of
plant growth, limit non-vectored diseases, such as powdery mildew
and increase marketable yield. We did not find that the microclimate
underneath the mesotunnel was significantly different than the
uncovered treatments. While the costs of the mesotunnel system are
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roughly the same as the OMRI-listed insecticides, they increase yield,
making mesotunnels more cost effective than OMRI-listed
insecticides. This study provides strong evidence that mesotunnels
may be an ecologically and economically efficient strategy for pest
management of cucurbit pests and their associated diseases.
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