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SUMMARY. Day-neutral strawberry (Fragaria ·ananassa) cultivars show promise for
extending the fruiting season and increasing production in the northeastern United
States, but published research on cultivar yield in the region is lacking. Further-
more, few studies have investigated the effects of low tunnels on yield, fruit, and
plant characteristics. We evaluated eight day-neutral cultivars (Albion, Aromas,
Cabrillo, Monterey, Portola, San Andreas, Seascape, and Sweet Ann) on open beds
and under low tunnels in two separate experiments conducted in 2017 and 2018.
Cultivars began producing ripe fruit within 10 weeks of planting in both years, and
continued producing fruit without interruption for 20 weeks (2017) and 18 weeks
(2018). Annual total yield ranged from 234.9 to 497.8 g/plant and marketable
yield ranged 126.4 to 389.1 g/plant, depending on cultivar and year. Cultivar
significantly affected the percent marketable yield, late season yield, fruit size, sol-
uble solids content (SSC), runner emergence, and plant size. Except for the cultivar
Sweet Ann, low tunnels did not increase season-long marketable or total yield, but
did increase the percentmarketable yield for all cultivars in 2017, andmost cultivars
in 2018. Furthermore, marketable yield was significantly greater under low tunnels
than open beds during 6 late-season weeks in 2018. Fruit SSC was greater under
low tunnels in 2018, and low tunnels reduced runner emergence for certain culti-
vars. Season-long average air temperatures were higher under low tunnels, but the
greatest temperature differences occurred when low tunnels were closed. We dem-
onstrate that day-neutral cultivars can produce high annual yields in New England,
but that cultivar selection is paramount.

S
trawberry is an important source
of early-season income on farms
across New England (Bornt

et al., 1998; Grubinger, 2012), where
it is estimated there are more than
1000 acres in production on 884
farms (U.S. Department of Agriculture

National Agricultural Statistics Service,
2018) and locally produced strawberry
fruit are highly regarded by con-
sumers. Short-day cultivars (June-
bearers) have long been popular in
the region for their winterhardiness
and low establishment costs (Black
et al., 2002; Pritts and Handley,
1998), but regional dependence on
these cultivars has prevented growers
from participating in the commercial
strawberry market outside their brief
4- to 6-week fruiting period each year
(Pritts and Handley, 1998).

Day-neutral (DN) strawberry
cultivars are less affected by daylength

and typically continue to flower as
long as temperatures remain between
40 and 85 �F, resulting in a substan-
tially longer fruiting period compared
with short-day plants (Pritts and
Handley, 1998; Rowley et al., 2010).
Furthermore, DN plants produce ripe
fruit�10 weeks after planting, not the
following year as with short-day plants
(Pritts and Handley, 1998), reducing
the period of cropmanagement before
financial return (Bornt et al., 1998).

DN cultivars have largely been
developed for regions of the United
States with substantial acreage in
strawberry production, namely Cali-
fornia and Florida (Lawrence et al.,
1990). However, following the adop-
tion of the plasticulture production
system (Poling, 1993), early field tri-
als in North Carolina showed that
cultivars could produce as much as
1.02 kg/plant annually on the east
coast of the United States (Ballington
et al., 2008), suggesting great poten-
tial for DN production across the
country. Recently, cultivar evaluations
conducted from the mid-Atlantic re-
gion of the United States to as far
north as Quebec, Canada, indicate
that DN productivity is influenced
by cultivar, site, and growing sea-
son, and annual marketable yields
have ranged from between 189 and
950 g/plant (Condori et al., 2017;
Lewers et al., 2017; Petran et al., 2016;
Pritts, 2017a; Pritts and McDermott,
2017; Van Sterthem et al., 2017;
Weber et al., 2018). Using a standard
plasticulture plant spacing of 17,424
plants/acre (Lantz et al., 2010) such
yields equate to between 8137 and
40,902 kg�ha–1, well exceeding the
5900 lb/acre (6613 kg�ha–1) harvested
by New England growers (U.S. De-
partment of Agriculture National Ag-
ricultural Statistics Service, 2018).
This strongly suggests that DN straw-
berry cultivars may not only extend
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the fruiting period, but also offer high
annual yields compared with short-
day plants.

There are only a limited number
of commercial farmers growing DN
cultivars in New England. Anecdot-
ally, the cultivars Albion, San Andreas,
and Seascape are the most commonly
grown, with select farmers reporting
yields exceeding 25,000 lb/acre.
While there have been exploratory
trials at universities in the region
(Handley, 2008; A. Radin, personal
communication), to our knowledge,
no replicated studies have been pub-
lished and yield data are not available.
Studies outside New England show
tremendous variation in annual yield
among sites, highlighting the need for
region-specific research. For example,
‘Seascape’ was among the lowest yield-
ing cultivars in Minnesota, but among
the highest yielding in Maryland and
New York (Lewers et al., 2017; Petran
et al., 2016; Pritts, 2017a).

Several studies have found that
low tunnel protective structures in-
crease the marketable yield (grams
per plant) and/or the percent market-
able yield, especially late in the season
and following weather events (Lewers
et al., 2017; Petran et al., 2016; Pritts,
2017a; Resende et al., 2010; Van
Sterthem et al., 2017). This suggests
that low tunnels may be a useful tool
for protecting fruit marketability in
regions with frequent precipitation
events, such as throughout the north-
eastern United States, but little is
known about low tunnel effects on
plant growth and development.

Of particular interest is runner
initiation, which has been cited as
a barrier for the adoption of the plas-
ticulture cultivation system (Handley
et al., 2009). While runner removal is
standard practice in plasticulture pro-
duction (Voth and Bringhurst, 1990),
many growers converting from the
perennial matted-row cultivation sys-
tem [where runners are not removed
(Poling and Durner, 1986)], find
the task costly and time consuming
because substantial labor is required
to remove runners by hand (Handley
et al., 2009). The gibberellic acid
synthesis inhibitor prohexadione-
calcium (commonly known asApogee;
BASF Corp., Research Triangle Park,
NC) has been approved in Canada to
assist with runner management (BASF
Canada, Mississauga, ON, Canada).
However, despite trials in Maryland,

Massachusetts, and Maine showing
that applications can significantly re-
duce runner initiation and even im-
prove fruit yields in strawberry (Black,
2004; Green and Schloemann, 2010;
Handley et al., 2009), the product has
not been approved in the United
States. Thus, other tools are needed.

Lewers (2013) has reported ob-
serving a reduction in runner emer-
gence under low tunnels in field trials
in Maryland, but to our knowledge,
these effects have not been docu-
mented in any published studies.
However, they are in line with
other research showing the cultivars
Chandler and Sweet Charlie pro-
duced fewer runners under high tun-
nel protected culture (Kadir et al.,
2006). Total leaf area, shoot biomass
(grams), leaf number, and the num-
ber of branch crowns have also been
affected by high tunnels (Kadir et al.,
2006), suggesting that protected cul-
ture may also influence plant size and
even planting density.

Furthermore, recent experiments
comparing the microclimate under
low tunnels with the traditional open
bed environment have reported
that season-long air and soil temper-
atures are greater under low tunnels
(Condori et al., 2017; Van Sterthem
et al., 2017). Warmer temperatures
have been associated with greater
yields and an extended fruiting sea-
son, especially in the mid-Atlantic
region where temperatures are milder
than the northeastern United States
(Condori et al., 2017; Lewers et al.,
2017; Van Sterthem et al., 2017).
Given these findings, it is important
to understand the effect of low
tunnels on microclimate and season
duration in the northeastern United
States, where summers are hot but
nighttime temperatures can drop pre-
cipitously in the fall. Of particular
interest is whether low tunnels increase
temperatures during the summer
months even when low tunnels are
vented, and whether they provide any
thermal insulation at night during the
fall months, when they may be used
to assist in season-extension. Experi-
ments conducted in warmer regions
suggest low tunnels do not provide
a substantial buffer in nighttime tem-
peratures (Condori et al., 2017; Van
Sterthem et al., 2017), but since most
studies present season-long averages,
not daily fluctuations in temperature,
this remains unclear.

The objectives of this study were
to quantify the effects of low tunnel
structures and DN cultivar on yield,
fruit marketability, and fruit and plant
characteristics. We were also interested
in the impact of low tunnels on air and
soil temperatures. Toward this end, we
evaluated five relatively well-known
DN cultivars: Albion, Monterey, Por-
tola, San Andreas, and Seascape, as
well as three additional cultivars that
may be candidates for our region:
Aromas, Cabrillo, and Sweet Ann.
Plants were grown on two production
systems (called cover treatments):
open beds and low tunnels. Data were
collected on yield, fruit weight, the
fruiting pattern of cultivars through-
out the season (called fruiting pattern),
fruit SSC, runner emergence, plant
height, plant diameter, and average,
maximum, and minimum air and soil
temperatures.

Materials and methods
Site description

Experiments were conducted at
the University of New Hampshire
Agricultural Experiment Station
Woodman Horticultural Research
Farm in Durham, NH (lat. 43�15#N,
long. 70�93#W). The site is located
in plant hardiness zone 5B (U.S.
Department of Agriculture, 2012)
on Charlton fine sandy loam (coarse-
loamy, mixed, superactive, mesic Typic
Dystrudept) (U.S. Department of
Agriculture Natural Resource Con-
servation Service, 2016).

Experimental design
The experiment was arranged in

a split-plot, randomized complete
block design with four replications.
The main-plot was cover treatment,
and the sub-plot was cultivar (Sup-
plemental Fig. 1). Two cover treat-
ments were investigated: a traditional
uncovered bed (henceforth referred
to as ‘‘open bed’’) and a bed covered
by a low tunnel (‘‘low tunnel’’). A
total of six cultivars were evaluated in
2017 and seven in 2018 (Table 1).
Each block consisted of two rows,
one of each cover treatment, for a total
of eight rows. Sub-plots of each cul-
tivar (‘‘plots’’) consisted of 10 plants
in 2017 and 14 plants in 2018, and
were established one directly after
another the length of each row.
Guard plants were planted at both
ends of all eight rows to prevent an
edge effect. In 2017, two ‘Albion’
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plants were planted at both end of
rows. In 2018, an additional sub-plot
(‘Albion’, ‘Cabrillo’, or ‘Sweet Ann’)
was planted at both ends of rows. Both
cover treatment (main-plot) and culti-
var (sub-plot) were randomly assigned
within block and row, respectively.

Crop establishment and
management

Experiments were conducted in
2017 and 2018, with a new field
established in the spring of each year.
Adjacent fields were used for experi-
ments, both of which were cropped
with brussels sprouts (Brassica olera-
cea Gemmifera Group) in the year
before use. Soil was amended with
60 lb/acre of both nitrogen [N
(27N–0P–0K, calcium ammonium
nitrate; Kriby Agri, Lancaster, PA)]
and potassium [K (0N–0P–42.3K,
sulfate of potash; North Country
Organics, Bradford, VT) before bed
formation based on soil test results
and fertility recommendations for
strawberry (Lantz et al., 2010; Uni-
versity of New Hampshire, 2016).
Raised beds measuring 4 inches high
and 24 inches wide were laid in the
spring of both years. The distance
between beds was 6 ft (center to
center), as is often typical on straw-
berry farms due to equipment avail-
ability (Lantz et al., 2010). Beds were
covered with 1.25-mil embossed
black plastic mulch (Poly Expert,
Laval, QC, Canada) and equipped
with a 10-mil single line of drip

irrigation tape with a 12-inch emitter
spacing (T-tape; Rivulis Eurodrip,
San Diego, CA).

Dormant bare-rooted straw-
berry plants were acquired from com-
mercial nurseries (Table 1) and
planted on 28 Apr. 2017 and 7 May
2018, with the exception of ‘Cabrillo’
and ‘Sweet Ann’ which were planted
on 11 May 2018 due to a delayed
shipment from the supplier. Plants
were set in double staggered rows
12 inches apart with an in-row spac-
ing of 16 inches between plants. A
16-inch in-row spacing has been rec-
ommended for high vigor cultivars
and sites (Lantz et al., 2010), and
was selected to ensure vigorous culti-
vars had adequate space. The first
flush of flower trusses was removed
in both years to encourage plant
establishment. This period spanned
from 18 May through 1 June 2017,
and 25 May to 5 June 2018.

Additional nutrition was pro-
vided to plants once per week
through the drip irrigation system
from 12 June to 27 Oct. 2017 and
from 2 July 2018 to 17 Oct. 2018. In
2017, fertigation began at a rate of
2.5 lb/acre N, 0.6 lb/acre P, 2.4 lb/
acre K (21N–2.2P–16.6K; Jack’s All
Purpose LX soluble fertilizer; JR Pe-
ters, Allentown, PA). When a foliar
nutrient analysis conducted in July
2017 indicated plants were below
the optimal range of N and P, appli-
cation rates were increased to
5 lb/acre N, 1.2 lb/acre P, and 4.7

lb/acre K on 1 Aug. 2017 and con-
tinued at this rate throughout the
remainder of the 2017 season and
the entire 2018 experiment.

High aphid (Superfamily: Aphi-
doidea) populations were managed
with 1.2 fl oz/acre acetamiprid (As-
sail 30 SG; United Phosphorus Co.,
King of Prussia, PA) applied using
a backpack sprayer on 26 June 2017.
Oriental beetle (Anomala orientalis)
soil grubs were managed in both years
with one application of 4.28 fl oz/
acre imidacloprid (Admire Pro; Bayer
CropScience, Research Triangle Park,
NC) applied through the drip irriga-
tion system on 4 Aug. 2017 and 25
July 2018. Insecticides were applied
to ensure the crop was not seriously
damaged or lost due to high pest
pressure at this site, as oriental beetle
grubs have been a serious problem at
the site in the past. Although imida-
cloprid required a 14-d preharvest in-
terval, fruit produced during this time
were harvested and included in yield
totals but were not consumed. Given
the high number of organic and low-
spray farms in our region, fungicides
were not applied throughout experi-
ments to determine the effects of low
tunnel structures on fruit marketabil-
ity under low-spray conditions.

Low tunnel establishment and
management

The low tunnel cover treatment
was constructed on 24 May 2017 and
29 May 2018, after planting. As in

Table 1. Cultivar name, plant source, patent date, inventor, and pedigree of day-neutral strawberry cultivars grown on open
beds and under low tunnels covered by 1.5-mil (0.038 mm) plastic at the University of NewHampshire in Durham in 2017
and 2018.

Cultivar Plant source
Date of
patentz

Inventor and
applicant/assigneez Pedigreez

Yr(s) included in
experiments

Albion Nourse Farms
(Deerfield, MA)

2006 D.V. Shaw and K.D. Larson,
University of California

‘Diamante’ · Cal 94.16-1 2017, 2018

Aromas U.S. Berry Plants
(Oak Harbor, WA)

1998 D.V. Shaw, University
of California

Cal 87.112-6 · Cal 88.270-1 2017

Cabrillo Nourse Farms 2016 D.V. Shaw and K.D. Larson,
University of California

Cal 3.149-8 · Cal 5.206-5 2018

Monterey Nourse Farms 2009 D.V. Shaw and K.D. Larson,
University of California

‘Albion’ · Cal 97.85-6 2017, 2018

Portola Nourse Farms 2009 D.V. Shaw and K.D. Larson,
University of California

Cal 97.93-7 · Cal 97.209-1 2017, 2018

San Andreas Nourse Farms 2009 D.V. Shaw and K.D. Larson,
University of California

‘Albion’ · Cal 97.86-1 2017, 2018

Seascape Nourse Farms 1991 R.S. Bringhurst and V. Voth,
University of California

‘Selva’ · ‘Douglas’ 2017, 2018

Sweet Ann Lassen Canyon Nursery
(Redding, CA)

2012 J.H. Bagdasarian, Lassen
Canyon Nursery

4-A-28 · 10-B-131 2018

zProvided by Bagdasarian (2012), Bringhurst and Voth (1991), Shaw (1998), and Shaw and Larson (2006, 2009a, 2009b, 2009c, 2016).
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other experiments (Lewers et al.,
2017), low tunnels were erected
shortly after planting in both years to
protect plants from precipitation dur-
ing all stages of plant and fruit de-
velopment. A complete commercial
low tunnel system was used (Tunnel
Flex; Dubois Agrinovations, Saint-
Remi,QC,Canada), containing hoops
(0.7 m wide · 1.0 m high), grounding
stakes for hoops, and anchor pipes for
the low tunnel film. Low tunnels were
covered with a 1.5-mil film designed
specifically for low tunnels that con-
tained small circular holes for ventila-
tion on the lower 30.5 cm of the
tunnel (Trioplast AB; Smalandsstenar,
Sweden and Dubois Agrinovations).

The sides of low tunnels were
raised for the majority of the growing
season to prevent excessively high
temperatures inside tunnels, which
have inhibited fruit set in other stud-
ies (Lewers et al., 2017). Low tunnel
sides were closed as needed for pre-
cipitation, but were opened immedi-
ately following precipitation or early
the following morning if rain oc-
curred overnight. Low tunnel sides
were permanently closed for the re-
mainder of the growing season (ex-
cept for harvest) when nighttime
temperatures consistently dropped
below 32 �F. This occurred on 31
Oct. 2017 and 1 Oct. 2018.

Data collection

YIELD AND FRUIT WEIGHT. Fruit
were harvested twice per week until 31
Oct., after which fruit were harvested
once per week until low temperatures
froze fruit. All ripe fruit from a given
plot were separated into market-
able and unmarketable groups, and
weighed and counted by group. The
average per plant yield was calculated
by dividing the total plot yield by the
number of living plants in that plot at
harvest. Mean fruit weight was calcu-
lated by dividing the total plot yield by
the number of fruit harvested from the
plot. Fruit were considered unmarket-
able if they weighed less than 7.0 g,
were damaged from contact with wa-
ter (having cracks, a jelly-like texture,
or rotten tip), were misshapen, cov-
ered by soil, or rotten. The primary
pathogens responsible for fruit rots
were Botrytis cinerea and anthracnose
(Colletotrichum acutatum).

SSC. SSC data were collected at
three similar dates in each year: early-
August (1 Aug. 2017 and 6 Aug.

2018), late-August (25 Aug. 2017
and 24 Aug. 2018), and early-October
(6 Oct. 2017 and 1 Oct. 2018). The
sap of 10 individual fruit fromeach plot
were measured by removing the tip of
the receptacle (�0.5 cm) and extract-
ing sap onto the lens of a digital re-
fractometer (model HI96801; Hanna
Instruments, Woonsocket, RI). The
percent SSCwas first recorded for each
fruit individually, and then averaged
for a mean value for each plot.

RUNNERS. Runners were re-
moved and counted once per month.
Each time runners were removed, the
average number of runners per plant
was determined by dividing the total
number of runners removed from
a plot by the number living plants in
that plot. A season-long cumulative
number of runners per plant was de-
termined by totaling the number of
runners removed at all dates. Runner
removal dates in 2017 were 23 June,
20 July, 15 Aug., 11 Sept., and 13
Oct. Runner removal dates in 2018
were 27 July, 27 Aug., and 21 Sept.

PLANT HEIGHT AND DIAMETER.
Height and diameter measurements
were collected from the innermost six
plants within a plot. All six measure-
ments were averaged for amean height
and a mean diameter value for each
plot. Height was determined by mea-
suring from the base of the plant to the
tallest point of living foliage, including
flower trusses. Plant diameter was
measured parallel to the edge of the
raised bed, and included all living
foliage and flower trusses. Plant height
and diameter were measured twice in
2017 (5 Sept. and 15 Nov.), and four
times in 2018 (13 July, 16 Aug., 19
Sept., and 12 Nov.).

TEMPERATURE. In 2018, air and
soil temperatures were recorded for
both cover treatments at hourly in-
tervals using outdoor temperature
sensors (Hobo U12-008 4-channel
logger;OnsetComputerCorp., Bourne,
MA) from 10 July 2018 through 31
Oct. 2018. One temperature sensor
was randomly placed in each row so
that there were four replications of
temperature sensors for each cover
treatment. Air temperatures were col-
lected under a solar radiation shield
placed 12 inches above bed height.
Soil temperatures were collected at soil
depth of 3 inches.

PRECIPITATION. Annual pre-
cipitation data were recorded by
the University of New Hampshire

Weather Station located on the Uni-
versity’s campus, which is 1.8 miles
from the experiment location.

Data analysis
Using JMP Pro 13 (SAS Insti-

tute, Cary, NC), analysis of variance
(ANOVA) was used to evaluate the
effects of cover treatment (main plot),
cultivar (sub-plot), and their interac-
tion, on yield (marketable, total, and
late season), weekly marketable yield,
percent marketable yield by weight,
fruit weight, SSC, cumulative runner
production, plant height, plant diam-
eter, and temperature. Percent mar-
ketable yield values were arcsine
transformed before analyses to nor-
malize the distribution. Average,
maximum, and minimum air and soil
temperature values were identified for
each day of the season, and these daily
values were used in the ANOVA. SSC,
plant height, plant diameter, and tem-
perature data were analyzed with date
(or month, as in the case of tempera-
ture) as a repeated measure. Block was
specified as a random effect. When an
overall F test was significant (P £ 0.05),
means were compared using Tukey’s
honestly significant difference test or
Student’s t test at the P £ 0.05 level.
In the case of a significant interac-
tion among treatments, results are
explained and/or presented separately
for all treatment combinations.

Results
Plants produced ripe fruit within

10 weeks of planting in both years,
with harvests beginning on 28 June
2017 and 7 July 2018. Fruit pro-
duction continued without interrup-
tion until 8 Nov. 2017 and 1 Nov.
2018, for a total of 20 weeks in 2017,
and 18 weeks in 2018. During the
period when plants were actively pro-
ducing fruit in 2017, rainfall totaled
15.7 inches and there were 24 d when
precipitation exceeded 0.10 inches
(University of New Hampshire,
2018) (Fig. 1). By contrast, rainfall
totaled 21.5 inches in 2018 and
there were 30 d when precipitation
exceeded 0.10 inches (University of
New Hampshire, 2018), resulting in
a noticeably wetter growing season.

Yield and percent marketable
yield

When considering only the cul-
tivars included in both years of our
study (Albion, Monterey, Portola,
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San Andreas, and Seascape), year had
a significant effect on total marketable
yield (P < 0.0001), and the average
marketable yield was greater in 2017
(318.0 g/plant) than 2018 (186.3 g/
plant). Since we observed such varia-
tion between years and only five of
eight cultivars could be evaluated in
both experiments, we have presented
results separately by year to illustrate
the variation in potential outcomes
(Table 2).

Cover treatment did not affect
marketable or total (marketable + un-
marketable) yield in either year of our
study, but cultivar significantly affected
marketable and total yield in 2017 and
2018 [P < 0.0001, 0.0001, 0.001, and
0.001, respectively (Table 2)]. In
2017, ‘Albion’ had the greatest mar-
ketable yield (389.1 g/plant), compa-
rable to ‘Aromas’ and ‘Monterey’, but
significantly greater than ‘Portola’, ‘San
Andreas’, and ‘Seascape’. Total yields

of ‘Albion’, ‘Aromas’, and ‘Monte-
rey’ were also the highest, signifi-
cantly greater than ‘Portola’ and
‘San Andreas’ (Table 2).

In 2018, we observed a signifi-
cant cover · cultivar interaction for
marketable (P = 0.007) yield (Table
2) because ‘Sweet Ann’ was the only
cultivar with significantly greater
yields under low tunnels (Fig. 2).
‘Sweet Ann’ produced 130.7 g/plant
more under low tunnels than open

Fig. 1. Daily precipitation events exceeding 0.10 inches during the 2017 and 2018 growing seasons in Durham, NH. Graphs
show precipitation during periods of fruit production only (28 June–8 Nov. 2017 and 2 July–1 Nov. 2018). Weather data
provided by the University of New Hampshire (2018) weather station located 1.8 miles (2.90 km) from the experiment
location; 1 inch = 2.54 cm.

Table 2. Cover and cultivar effects on marketable, total (marketable D unmarketable), percent marketable, and late-season
yield of eight day-neutral strawberry cultivars grown in separate experiments in 2017 and 2018 at the University of New
Hampshire in Durham. Cover treatments were traditional open beds and low tunnels covered by 1.5-mil (0.038mm) plastic.
Dormant bare-rooted plants were established on black plastic mulch on 28 Apr. 2017 and 7 May 2018 and harvested 28
June–8 Nov. 2017 and 7 July–1 Nov. 2018.

Marketable yield
(g/plant)z

Total yield
(g/plant)

Marketable yield
(% total)

Late-season marketable
yield (g/plant)y

Treatment 2017 2018 2017 2018 2017 2018 2017 2018

Cover
Low tunnel 307.2 206.0 393.3 294.8 77.9% ax 68.5% 115.3 40.8 a
Open bed 340.8 169.9 488.6 299.9 69.9% b 57.1% 131.7 11.0 b

Cultivar
Albion 389.1 aw 248.7 481.1 a 368.9 81.3% a 67.6% 124.0 b 51.0 a
Aromas 354.3 abc 480.1 a 74.2% bc 186.2 a
Cabrillo 160.0 234.9 67.9% 13.2 c
Monterey 371.3 ab 197.4 497.8 a 324.2 75.1% bc 61.3% 150.0 ab 35.4 ab
Portola 254.8 d 128.0 365.7 b 247.1 70.1% cd 52.6% 71.5 c 12.0 c
San Andreas 289.4 bcd 231.2 375.8 b 325.5 77.4% ab 71.0% 125.5 b 30.6 abc
Seascape 285.3 cd 126.4 445.1 ab 266.3 64.8% d 47.5% 83.9 c 17.9 bc
Sweet Ann 224.2 314.5 70.8% 21.3 bc

Significance
Cover 0.337 0.126 0.095 0.829 0.015 0.003 0.384 0.013
Cultivar <0.0001 <0.0001 <0.001 <0.001 <0.0001 <0.0001 <0.0001 <0.0001
Cover · cultivar 0.181 0.007 0.339 0.030 0.098 <0.001 0.075 0.149

z1 g = 0.0353 oz.
yFor the period of 24 Sept.–29 Oct. 2017 and 23 Sept.–28 Oct. 2018.
xWithin column, cover means followed by the same letter are not significantly different by Student’s t test (P £ 0.05).
wWithin column, cultivar means followed by the same letter are not significantly different by Tukey’s honestly significant difference test (P £ 0.05).

• December 2019 29(6) 799



beds, making low tunnel ‘Sweet Ann’
the highest yielding treatment com-
bination, followed by ‘Albion’ (262.2
g/plant) and ‘San Andreas’ (259.8
g/plant) under low tunnels (Fig. 2).
For total yield in 2018, a significant
(P = 0.030) cover · cultivar interac-
tion occurred (Table 2), because Cab-
rillo, San Andreas, and Sweet Ann had
greater total yields under low tunnels,
but Albion, Monterey, Portola, and
Seascape did not (interaction not
shown).

Low tunnels significantly in-
creased the percent marketable yield
(PMY) in 2017 (P = 0.015), which
was 8% greater under low tunnels
than open beds. Cultivar also signif-
icantly affected the PMY in 2017
(P < 0.0001), with Albion producing
the highest PMY (81.3%) and Sea-
scape, the lowest (64.8%) (Table 2).
In 2018, we detected a significant
cover · cultivar interaction for PMY
[P = < 0.001 (Table 2)] because
Monterey, Portola, San Andreas,
and Sweet Ann were the only cultivars
with a significantly (P £ 0.05)
greater PMY under low tunnels than
open beds (Fig. 3). For these select
cultivars, low tunnels increased the
PMY by as little as 3.3% (Seascape)
to as much as 20.5% (Sweet Ann)
(Fig. 3).

Cultivar fruiting patterns and late-
season yield

We observed variation in the
fruiting patterns of cultivars between
the 2 years, largely because Albion,
Monterey, San Andreas, and Seascape
had increased productivity in late-
Sept. 2017, but not in 2018 (Fig.
4). The fruiting pattern of cultivars
varied from relatively consistent (Al-
bion and Monterey), to one (Cabrillo
and Sweet Ann) or two (Aromas and
Seascape) peaks in production, but
within year, the fruiting pattern of
a cultivar was similar between cover
treatments (Fig. 4).

Treatment effects on marketable
yield during six late-season weeks (24
Sept.–29 Oct. 2017 and 23 Sept.–28
Oct. 2018) are shown in Table 2.
Marketable yield was significantly
(P < 0.0001) influenced by cultivar
in both years, with the highest yield-
ing cultivars during this period being
Aromas and Monterey in 2017, and
Albion, Monterey, and San Andreas
in 2018. Low tunnels increased
late season yield in 2018, when

marketable yield was 3.7 times greater
under low tunnels than open beds
during this 6-week period [40.8 vs.
11.0 g/plant (Table 2)].

Fruit weight
In 2017, fruit weight was af-

fected by cultivar (P < 0.0001), but
not by cover treatment (Table 3).
‘San Andreas’ produced the largest
fruit (13.9 g) and ‘Seascape’ pro-
duced the smallest (10.8 g). In

2018, we detected a significant (P =
0.005) cover · cultivar interaction
(Table 3) because San Andreas pro-
duced larger fruit on open beds (16.0
g) than under low tunnels (12.4 g) (P £
0.05). The weight of open bed ‘San
Andreas’ was greater than all other
cultivars, regardless of cover treatment
(P £ 0.05). ‘Sweet Ann’ followed with
the second heaviest fruit weight of 12.8
g under low tunnels and 13.6 g on
open beds (Table 3).

Fig. 2. Cover treatment and day-neutral strawberry cultivar effects on marketable
yield at the University of New Hampshire in Durham in 2018. Low tunnels were
covered by a 1.5-mil (0.038 mm) plastic. Plants were established on 7 May 2018
using dormant bare-rooted plants, grown on black plastic mulch, and harvested
from 7 July through 1 Nov. 2018. Columns sharing a letter are not significantly
different by Tukey’s honestly significant difference test (P £ 0.05) (n = 4); 1 g =
0.0353 oz.

Fig. 3. Cover treatment and day-neutral strawberry cultivar effects on the percent
marketable yield (by weight) at the University of New Hampshire in Durham in
2018. Low tunnels were covered by a 1.5-mil (0.038 mm) plastic. Plants were
established on 7 May 2018 using dormant bare-rooted plants, grown on black
plastic mulch, and harvested from 7 July through 1 Nov. 2018. Percent
marketable yield was determined by dividing marketable yield by total yield
(marketable D unmarketable). Fruit were considered unmarketable if they
weighed less than 7.0 g, or were damaged from contact with water, misshapen,
covered by soil, or rotten. Columns sharing a letter are not significantly different
by Tukey’s honestly significant difference test (P £ 0.05) (n = 4).
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SSC
Cover treatment (P = 0.045 in

2017 and P = 0.007 in 2018), cultivar
(P < 0.0001), and sample date (P <
0.0001) all influenced fruit SSC in
both years (Table 4). A significant
(P = 0.002) cover · date interaction
occurred in 2017, due to the fact that
the SSC was comparable between
cover treatments at Date 1 and Date
2, but significantly (P £ 0.05) greater
under low tunnels on Date 3 (data
not shown). In 2018, SSCwas greater
under low tunnels than open beds
[P £ 0.05 (Table 4)]. The cultivars
Albion, Monterey, San Andreas, and

Seascape (and Sweet Ann in 2018)
tended to have the greatest SSC.

Runner emergence
Cover (P = 0.010 and P = 0.001

in 2017 and 2018, respectively) and
cultivar (P < 0.0001) significantly
influenced the cumulative number of
runners produced per plant (data not
shown), and a significant cover ·
cultivar interaction occurred in both
years (P = 0.003 and P < 0.0001 in
2017 and 2018, respectively). Culti-
vars varied in their runner initiation
from as few as 0.7 (low tunnel Sea-
scape) to 20.3 per plant (open bed

Sweet Ann) (Fig. 5). All cultivars ini-
tiated fewer runners under low tunnels
than open beds, but this effect was
only significant (P £ 0.05) for Aromas,
Monterey, and San Andreas in 2017,
and Albion, Monterey, San Andreas,
and Sweet Ann in 2018 (Fig. 5).

Plant height and diameter
Significant cover · cultivar, cover ·

date, and cultivar · date interactions
occurred in both years for both height
and diameter (with the exception
of plant height in 2017, where the
cover · date interaction was not sig-
nificant) (Table 5). For plant height,

Fig. 4. Cover treatment effects on marketable yield of day-neutral strawberry cultivars at weekly intervals in 2017 and 2018 at
theUniversity ofNewHampshire inDurham. Cover treatments were traditional open beds and low tunnels covered by 1.5-mil
(0.038mm) plastic. Dormant bare-rooted strawberry plants were planted the spring of both years on 28 Apr. 2017 and 7May
2018. Low tunnels sides were raised for themajority of the growing season, but were closed for rain and permanently closed on
31. Oct. 2017 and 1 Oct. 2018 (except for harvest). Mean separation letters are shown only for the weeks where a significant
(P £ 0.05, Tukey’s honestly significant difference test) difference in marketable yield existed between cover treatments.
Uppercase means separation letters are for 2017, and lowercase are for 2018 (n = 4); 1 g = 0.0353 oz.
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the cover · cultivar interaction was
because while plants tended to be
taller on open beds than under low
tunnels, this difference was only sig-
nificant (P £ 0.05) for three cultivars
in each year (Aromas, Portola, and
San Andreas in 2017; Monterey, Por-
tola, and Seascape in 2018) (Table 6).
Similarly, plant diameter tended to be
greater on open beds, but was only
significantly (P £ 0.05) so for ‘Por-
tola’ in 2017, and ‘Seascape’ and
‘Portola’ in 2018 (Table 6).

The cover · date interaction for
plant height and diameter was due to
height and diameter being larger on
open beds than under low tunnels
during several, but not all, months
(Fig. 6). However, in both years,
plant height sharply decreased from
September to November, when plant
diameter increased (Fig. 6). This in-
verse relationship is likely directly re-
lated, as we observed that plants
tended to slump over after frost.

Lastly, the cultivar · date interac-
tion is illustrated in Fig. 7. ‘Aromas’
was the largest cultivar in 2017, with
a height and diameter greater than
most or all other cultivars in Septem-
ber andNovember (P £ 0.05) (Fig. 7).
In 2018, ‘Sweet Ann’ had the largest
plants, significantly (P £ 0.05) taller
than all other cultivars except Cabrillo

and San Andreas in September and
November, respectively.

Diameter measurements col-
lected in September showed that by
this point in the season, no cultivar
had reached the 16-inch (40.6 cm)
in-row plant spacing used in the
study, though Aromas and San
Andreas reached 37 cm in 2017 and
2018, respectively, and Sweet Ann
had a diameter of 39 cm in Sept.
2018. By Nov. 2018, three cultivars
reached 16 inches diameter: Cabrillo
(41 cm), San Andreas (43 cm), and
Sweet Ann (45 cm) (Fig. 7). The final
diameter of ‘Portola’ was less than
30.5 cm in both years (Fig. 7).

Total yield was positively and
moderately correlated with plant
height (R2 = 0.25) and diameter
(R2 = 0.48) under low tunnels, but
was not strongly correlated with
height and diameter on open beds
(R2 = 0.005 and R2 = 0.05, respec-
tively) (data not shown). However,
the total number of runners produced
per plant positively correlated with
plant height for low tunnels (R2 =
0.82) and open beds (R2 = 0.67), and
for plant diameter for low tunnels
(R2 = 0.60) and open beds (R2 =
0.58) (Fig. 4). We observed a steeper
slope for both plant height and di-
ameter on open beds.

Temperature
For soil temperature, cover treat-

ment did not influence the season-
long average, maximum, orminimum
temperatures, but a significant cover ·
month interaction for average and
maximum soil temperature occurred
(P < 0.008 and P < 0.0001, respec-
tively) (Table 7). The maximum soil
temperature interaction was due
to a significantly (P £ 0.05) greater
(5.3 �F) maximum soil temperature
under low tunnels than open beds
during the month of October, when
low tunnel sides were closed, but not
during other months when low tun-
nels sides were open (Table 7).

For air temperature, season-long
average (P < 0.0001), maximum (P <
0.0001), and minimum (P = 0.017)
temperatures were 1.3, 4.2, and 0.3
�F greater under low tunnels than
open beds, respectively. However,
a significant (P < 0.0001) cover ·
month interaction occurred for max-
imum air temperature because the
average maximum air temperature
was 3.1 �F and 9.0 �F greater under
low tunnels in September and Octo-
ber, respectively (Table 7).

Even though low tunnels were
almost entirely left open during the
spring, summer, and early-fall, when
sides were closed for precipitation on
14 Aug. 2018, air temperatures
reached 104 �F inside low tunnels
before they were opened again, 19.9
�F warmer than open beds (data not
shown). During the month of Octo-
ber when low tunnel sides were closed
permanently (except for harvest), the
highest air temperatures occurred on
9 Oct. 2018, when the air tempera-
ture reached 92.3 �F under tunnels
but remained 80.4 �F on open beds
(data not shown). The greatest tem-
perature difference between the cover
treatments in the fall occurred on 26
Oct. 2018, when the maximum air
temperature was 19.9 �F warmer un-
der closed low tunnels than open beds
(data not shown).

Discussion
DN cultivars produced straw-

berry fruit for between 18 and 20
consecutive weeks in both years of
experiments, demonstrating that at
our location, DN cultivars add a min-
imum of 4 months of strawberry
production onto the existing 4- to
6-week season provided by short-day
cultivars. At the plant density used in

Table 3. Cover and cultivar effects on the season-long average marketable fruit
weight of eight day-neutral strawberry cultivars grown in separate experiments
in 2017 and 2018 at the University of New Hampshire in Durham. Cover
treatments were traditional open beds and low tunnels covered by 1.5-mil
(0.038 mm) plastic. Fruit weighing greater than 7.0 g were considered
marketable. The average fruit weight was calculated at each harvest by dividing
the marketable yield by the number of marketable fruit in each plot.

Marketable fruit wt (g)z

2017 2018

Treatment Low tunnel Open bed Low tunnel Open bed

Cover 12.3 12.8 11.1 12.4
Cultivar
Albion 13.1 ay 10.6 defg 12.1 bcde
Aromas 12.8 a
Cabrillo 11.6 cdef 12.2 bcd
Monterey 13.5 a 10.6 defg 11.7 bcdef
Portola 11.2 b 10.2 efg 11.4 cdefg
San Andreas 13.9 a 12.4 bcd 16.0 a
Seascape 10.8 b 9.5 g 9.8 fg
Sweet Ann 12.8 bc 13.6 b

Significance
Cover 0.123 0.003
Cultivar <0.0001 <0.0001
Cover · cultivar 0.129 0.005

z1 g = 0.0353 oz.
yWithin years, cultivar means followed by the same letter are not significantly different by Tukey’s honestly
significant difference test (P £ 0.05).
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this study of 13,068 plants/acre
(based on 16-inch in-row spacing
and standard 5-ft bed centers), annual
marketable yield in 2017 ranged from

8228 kg�ha–1 for ‘Portola’ to 12,565
kg�ha–1 for ‘Albion’, with three of the
six cultivars (Albion, Aromas, and
Monterey) producing greater than

11,209 kg�ha–1. Marketable yields
were lower in 2018 than 2017, and
ranged from 3672 kg�ha–1 for low
tunnel ‘Seascape’ to 9349 kg�ha–1
for low tunnel ‘Sweet Ann’. We attri-
bute lower yields in 2018 to frequent
rainfall and poor growing conditions
in September and October, when
water directly damaged fruit and the
moisture encouraged the spread of
fruit anthracnose, especially on the
open beds. Strawberry plants were
also established later in 2018 than in
2017, and later planting (even by
a few weeks) has resulted in lower
annual yields in other studies (Pritts
and McDermott, 2017; Weber et al.,
2018). Since year, site, and planting
date have influenced yield in other
experiments with low tunnels (Petran
et al., 2016;Weber et al., 2018) and it
is well established that strawberry
plants are influenced by the complex
interactions between cultivar and
growing season, location, soil type,
and production system (Galletta and
Bringhurst, 1990), the yield differen-
tial we observed between years does
not appear to be unique to our loca-
tion. It does, however, illustrate the
potential fluctuations in production
that commercial growers experience.

The annual marketable yields
reported in this study are lower than
what would be acceptable in some
regions of the country (e.g., Califor-
nia), but generally meet or exceed the
5900 lb/acre New England growers
report harvesting each year from
short-day cultivars (U.S. Department
of Agriculture National Agricultural

Table 4. Cover, cultivar, and sample date effects on the percent soluble solids
content (SSC) of day-neutral strawberry fruit at three similar dates in 2017 and
2018. Cover treatments were traditional open beds and low tunnels covered by
1.5-mil (0.038 mm) plastic. Sample dates were as follows: Date 1 = 1 Aug. 2017
and 6 Aug. 2018; Date 2 = 25 Aug. 2017 and 24 Aug. 2018; Date 3 = 6 Oct.
2017 and 1 Oct. 2018. The SSC was measured individually on 10 fruit (or the
available quantity) from each plot, and the 10 measurements were averaged to
determine a mean SSC value for that plot.

Mean SSC (%)

Treatment 2017 2018

Cover
Low tunnel 10.5 9.5 az

Open bed 9.7 8.5 b
Cultivar
Albion 10.6 aby 9.5 a
Aromas 9.2 c
Cabrillo 8.1 b
Monterey 11.3 a 9.3 a
Portola 8.6 c 7.7 b
San Andreas 10.0 b 9.2 a
Seascape 10.6 b 9.5 a
Sweet Ann 9.4 a

Sample date
Date 1, early-August 10.8 7.8 c
Date 2, late-August 9.0 8.7 b
Date 3, early-October 10.4 10.3 a

Significance
Cover 0.045 0.007
Cultivar <0.0001 <0.0001
Sample date <0.0001 <0.0001
Cover · cultivar 0.180 0.122
Cover · sample date 0.002 0.622
Cultivar · date 0.106 0.126
Cover · cultivar · sample date 0.882 0.543

zWithin year, cover means followed by the same letter are not significantly different by Student’s t test (P £ 0.05).
yWithin year, cultivar or sample date means followed by the same letter are not significantly different by Tukey’s
honestly significant difference test (P £ 0.05).

Fig. 5. Cover and cultivar effects on the total number of runners produced per day-neutral strawberry plant during the 2017
and 2018 growing seasons at theUniversity of NewHampshire inDurham. Cover treatments were traditional open beds (OB)
and low tunnels (LT) covered by 1.5-mil (0.038mm) plastic. The mean number of runners produced per plant is shown above
each box. Boxes illustrate the distribution in the total number of runners produced per plant across experimental units, with
half the data points falling within the box, and whiskers reaching to the maximum and minimum total number of runners.
Horizontal lines within boxes indicate the median number of total runners produced per plant of the four experimental units.
Within year, boxes sharing a letter are not significantly different (Tukey’s honestly significant difference test; P £ 0.05) (n = 4).
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Statistics Service, 2018). This strongly
suggests that DN production is not
only feasible in New England, but that
DN cultivars can produce very compet-
itive yields.

The in-row plant spacing used in
this experiment (16 inches) is recom-
mended for high vigor cultivars and
sites (Lantz et al., 2010) and was
selected to accommodate any such
cultivars in our study. However, this
spacing is more expansive than some
recommendations (Handley, 2008,
2017; Pritts, 2017b; Pritts and
McDermott, 2017) and ‘Aromas’,
‘San Andreas’, and ‘Sweet Ann’ were
the only cultivars to come close to
reaching 16 inches in diameter by
September. Therefore, to optimize
bed area and increase per acre yield,
we believe the following distances are

a sufficient baseline in-row plant spac-
ing for cultivars: 12 inches for
‘Portola’, 14 inches for ‘Albion’,
‘Cabrillo’, ‘Monterey’, and ‘Sea-
scape’, and 16 inches for ‘Aromas’,
‘San Andreas’, and ‘Sweet Ann’. Fur-
thermore, field studies show that per
acre yields increase when plants are at
a high density, even if per plant yield
decreases (Legard et al., 2000; P�erez
De Camacaro et al., 2004).

Cover treatment on yield
Aside from ‘Sweet Ann’ in

2018, low tunnels did not impact
season-long marketable or total yield
in either year of our experiment,
a finding that agrees with studies
conducted in Minnesota (Petran
et al., 2016) and in 1 of 2 years
in Quebec, Canada (Van Sterthem

et al., 2017). This differs from
what has been reported in the mid-
Atlantic region of the United States,
where greater yields under low tun-
nels have been attributed to warmer
temperatures and a growing season
that was extended as late as Decem-
ber (Lewers et al., 2017). However,
in our location, low nighttime tem-
peratures in the late-fall caused fruit
to freeze, ending the season in No-
vember of both years. Low tunnels
did significantly increase the PMY in
our study, by 8% in 2017 and 11% in
2018, and this finding is consistent
with other work with low tunnels
(Anderson, 2017; Laugale et al.,
2017; Petran et al., 2016; Van Ster-
them et al., 2017) as well as high
tunnels (Capocasa et al., 2017).

In 2017, when low tunnels sides
were primarily raised during the 6-
week late-season period, we did not
detect differences in marketable yield
between cover treatments. However,
the following year in 2018, low
temperatures and frequent precipita-
tion caused low tunnel sides to be
lowered much earlier in the fall (1
Oct. 2018) than the previous year
(31 Oct. 2017). During this time,
low tunnels significantly increased
marketable yield (grams per plant)
and we harvested an additional 962
kg�ha–1 under low tunnels than on
open beds. Using a modest di-
rect market price for our region of
$9.92/kg, this increase resulted in
an additional $9544/ha in potential
gross revenue from low tunnels than
open beds during this late-season
period.

Table 5. Cover, cultivar, and date effects on plant height and diameter for day-
neutral strawberry plants grown on black plastic mulch at the University of New
Hampshire in Durham in 2017 and 2018. Cover treatments were traditional
open beds and low tunnels covered by 1.5-mil (0.038 mm) plastic. Cultivars
were: Albion, Aromas, Cabrillo, Monterey, Portola, San Andreas, Seascape, and
Sweet Ann. The dates measurements were collected were: 5 Sept. and 15 Nov.
2017, and 13 July, 16 Aug., 19 Sept., and 12 Nov. 2018.

Htz Diamy

Significance 2017 2018 2017 2018

Cover 0.004 0.030 0.051 0.034
Cultivar <0.0001 <0.0001 <0.0001 <0.0001
Date <0.0001 <0.0001 <0.0001 <0.0001
Cover · cultivar 0.031 0.039 0.028 0.008
Cover · date 0.111 <0.0001 0.014 <0.001
Cultivar · date 0.049 0.002 0.011 <0.001
Cover · cultivar · date 0.753 0.298 0.383 0.828
zPlant height was determined by measuring from base of the plant to the tallest point of living foliage (including
flower trusses).
yPlant diameter was measured parallel to the edge of the raised bed and included living foliage and flower trusses.

Table 6. Cover and cultivar effects on the season-long average plant height and diameter of day-neutral strawberry cultivars
2017 and 2018 at the University of New Hampshire in Durham. Cover treatments were traditional open beds and low
tunnels covered by 1.5-mil (0.038mm) plastic.Measurements weremade on 5 Sept. and 15Nov. 2017, and 13 July, 16Aug.,
19 Sept., and 12 Nov. 2018, and are an average of all dates and do not represent final plant size (n = 4).

Plant hty
Plant size (cm)z

Albion Aromas Cabrillo Monterey Portola San Andreas Seascape Sweet Ann

2017 Low tunnel 15 efgx 21 b 19 bcd 13 g 16 def 14 fg
Open bed 18 cde 27 a 21 b 17 def 20 bc 17 cdef

2018 Low tunnel 16 gh 19 bcdef 17 efg 13 i 18 cefg 13 hi 21 abd
Open bed 18 defg 20 abcde 21 abc 17 fgh 20 abcde 17 fg 22 a

Plant diameterw

2017 Low tunnel 32 bcde 36 abc 32 de 25 f 32 de 31 e
Open bed 33 ce 39 a 37 abd 31 e 34 bcde 34 bcde

2018 Low tunnel 30 cdef 32 abcd 30 def 23 g 34 abc 27 f 35 ab
Open bed 31 bcdef 34 abcd 34 abcd 29 ef 36 a 32 bcde 36 a

z1 cm = 0.3937 inch.
yPlant height was determined by measuring from base of the plant to the tallest point of living foliage (including flower trusses).
xWithin variable (height or diameter) and year, cultivar means sharing letters are not significantly different by Tukey’s honestly significant difference test (P £ 0.05).
wPlant diameter was measured parallel to the edge of the raised bed and included living foliage and flower trusses.
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Cultivar yield
The differences in fruiting pat-

terns that we observed among culti-
vars illustrates that DN cultivars vary
in their fruiting patterns and suggests
that a combination of early, mid, and
late-season cultivars may be necessary
to produce a consistent supply of fruit
from early-summer through late-fall
in our region.

The cumulative marketable yield
of ‘Albion’, ‘Monterey’, ‘Portola’,
‘San Andreas’, and ‘Seascape’ mostly
fell within the yield range reported
for the same cultivars in Minnesota
(Petran et al., 2016), and in 2017,
the marketable yield of Seascape
was nearly identical to yield of the
same cultivar inQuebec, Canada (Van
Sterthem et al., 2017). However, mar-
ketable yields of ‘Albion’ and ‘Seascape’
were low in our experiment compared
with those reported for New York,
where Weber et al., (2018) harvested
an average of 525 g/plant per plant
from under low tunnels.

Low tunnel ‘Sweet Ann’ stood
out in 2018 for producing the greatest
marketable yields, more than ‘Albion’,
which had the greatest marketable
yields the previous year, suggesting that

‘Sweet Ann’ may be a good fit for
northeastern U.S. production. Given
that ‘Sweet Ann’ produced substan-
tially greater marketable yields under
low tunnels than open beds in 2018
(130.7 g/plant more), the cultivar may
be better suited for protected culture.

‘Aromas’ has not been included
in most other experiments evaluating
DNs, but was the third highest yield-
ing cultivar in our 2017 experiment,
producing 354 g/plant. This yield
was nearly identical to that reported
for field production in North Caro-
lina, where the cultivar produced 358
g/plant (Ballington et al., 2008). In-
terestingly, the cultivar is currently
difficult to obtain and has not been
popular in key strawberry producing
regions of the United States, but is
very popular in Brazil, Chile, and Peru
(Kirschbaum et al., 2017). With mar-
ketable yields similar to ‘Albion’ in
2017, we believe that ‘Aromas’ may
be a cultivar worth reconsidering for
the northeastern United States.

‘Portola’ and ‘Seascape’ pro-
duced the lowest marketable yields in
both years of experiments. Interest-
ingly, ‘Portola’ has produced very high
yields elsewhere (Lewers et al., 2017;

Petran et al., 2016; Pritts, 2017a), but
the cultivar did not establish well at
our site in either year, remaining small
and stunted throughout the season.
Conversely, ‘Seascape’ plants were
very healthy, especially early season,
but produced a high proportion of
small unmarketable fruit.

SSC
Few studies have investigated the

effects of low tunnels on SSC and
existing results are mixed, with Petran
et al. (2016) reporting no difference
in SSC between open beds and low
tunnels, and Resende et al. (2010)
finding low tunnels increased fruit
SSC. In larger structures, results are
also mixed, but several experiments
have reported an increase in SSC un-
der protected culture compared with
open beds (Salam�e-Donoso et al.,
2010; Vo�ca et al., 2007). Our results
showing greater SSC under low tun-
nels inOct. 2017 and all three dates in
2018 is in agreement with experi-
ments finding protected culture in-
creases SSC.

Both temperature and crop load
have previously been shown to affect
strawberry fruit SSC (Correia et al.,
2011; Ruan et al., 2013; Wang and
Camp, 2000). In our experiments,
SSC tended to increase as the season
progressed and be higher in the fall
than the summer. This outcome is
in agreement with work attributing
late-season peaks in SSC to cooler
temperatures (Ruan et al., 2013).
Furthermore, temperature increases
have been shown to reduce sugar con-
tent (Wang and Camp, 2000). There-
fore, we suggest the low SSC values
recorded in August may be due to high
temperatures and a greater fruit load,
especially of developing fruit. Low
average SSC during the month of
August has also been noted by others
(Petran et al., 2016; Ruan et al., 2013).

Variation in SSC among cultivars
is well-established (Petran et al., 2016;
Pist�on et al., 2017; Ruan et al., 2013),
and our results that Albion,Monterey,
San Andreas, and Seascape tend to
have greater SSC, especially compared
with ‘Portola’, is similar to other find-
ings (Capocasa et al., 2017; Petran
et al., 2016; Ruan et al., 2013). How-
ever, while ‘Albion’ is often regarded
as having an unsurpassed eating quality
due to its high sugar content and firm
fruit (Ruan et al., 2013), we found that
fully ripe ‘Monterey’, ‘San Andreas’,

Fig. 6. Cover effects on the height and diameter of day-neutral strawberry cultivars
over the course of the growing season at the University of New Hampshire in
Durham. Values are an average of all cultivars in each year (2017: Albion, Aromas,
Monterey, Portola, San Andreas, and Seascape; 2018: Albion, Cabrillo,
Monterey, Portola, San Andreas, Seascape, and Sweet Ann). Cover treatments
were traditional open beds and low tunnels covered by 1.5-mil (0.038 mm)
plastic. Labels refer to themonth inwhichmeasurements were collected. The exact
dates were 5 Sept. and 15Nov. 2017, and 13 July, 16 Aug., 19 Sept., and 12Nov.
2018. Plant height was determined by measuring from base of the plant to the
tallest point of living foliage (including flower trusses). Plant diameter was
measured parallel to the edge of the raised bed and also included living foliage and
flower trusses. Within year, data points sharing a letter are not significantly
different (Tukey’s honestly significant difference test; P £ 0.05). Uppercase mean
separation letters refer to 2017, and lowercase to 2018 (n = 24 in 2017, and n = 28
in 2018); 1 cm = 0.3937 inch.
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‘Seascape’, and ‘Sweet Ann’ had quan-
titatively and qualitatively comparable
eating qualities to ‘Albion’. Compared
with other published experiments us-
ing the same cultivars (Petran et al.,
2016; Ruan et al., 2013), SSC was
high in our experiments. In fact, even
the cultivar with the lowest SSC in our
study, Portola, had a greater or similar
SSC to Monterey, San Andreas,
and Seascape in other experiments
(Capocasa et al., 2017; Petran et al.,
2016; Ruan et al., 2013).

Runner initiation and plant size
Our results showing a reduction

in runner initiation under low tunnels

supports the early observation made
Lewers (2013) that plants initiated
fewer runners under low tunnels than
open beds. However, we found this
outcome was only the case for the
cultivars which produced the greatest
number of runners (Aromas, Monte-
rey, San Andreas, and Sweet Ann). For
these cultivars, low tunnels reduced
runner initiation by 37% to 54%.
‘Sweet Ann’, in particular, initiated
10.3 fewer runners per plant under
low tunnels than on open beds. This
outcome strongly suggests that for
certain cultivars, labor requirements
for runner removal may be reduced if
plants are grown under low tunnels.

Both temperature and plant size
are possible explanations for the re-
duction in runner initiation under low
tunnels. Previous work has shown that
temperature plays a key role in runner
development (Galletta andBringhurst,
1990), with Durner et al. (1984)
demonstrating that runner emergence
more than doubled when day/night
temperatures increased from 18/14 to
26/22 �C. However, in our experi-
ment, temperatures onopen bedswere
either comparable to low tunnels or
slightly cooler; therefore, it does not
appear that temperature was the driver
of increased runner production on
open beds.

Fig. 7. Cultivar and date effects on the height and diameter of day-neutral strawberry cultivars grown at the University of New
Hampshire in Durham in 2017 and 2018. Values are an average of both cover treatments (open beds and low tunnels). Labels
refer to the month in which measurements were collected. The exact dates were 5 Sept. and 15 Nov. 2017, and 13 July, 16
Aug., 19 Sept., and 12 Nov. 2018. Within year and month, cultivars sharing a letter are not significantly different (Tukey’s
honestly significant difference test; P £ 0.05). Plant height was determined by measuring from the base of the plant to the
tallest point of living foliage (including flower trusses). Plant diameter was measured parallel to the edge of the raised bed and
included living foliage and flower trusses (n = 8); 1 cm = 0.3937 inch.
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A larger plant volume (size), has
been positively correlated with crown
and runner dry weights in the past
(Galletta and Bringhurst, 1990; Nicoll
and Galletta, 1987). We found that on
open beds, where plants often pro-
duced a greater number of runners,
plants were consistently taller than
under low tunnels in the month of
September, and in 1 of 2 years, in

August and November. Interestingly,
we recorded a stronger relationship
between runner emergence and plant
size under low tunnels than on open
beds, but show a steeper slope in the
relationship for open beds (Fig. 8).
This indicates that for a fixed increase
in plant height or diameter, there was
a stronger response of runner initiation
on open beds than under low tunnels.

It is unclear why plants showed
a trend of being smaller under low
tunnels, but Condori et al. (2017)
reported measuring a 33% reduction
in photosynthetically active radiation
(PAR) under low tunnels inMaryland,
where low tunnels were covered with
a 4-mil-thick film (Condori et al.,
2017). The thinner 1.5-mil film used
in our study has also been found to
reduce PAR, but only by 7% to 10%
(M. Cooper and K. Demchak, unpub-
lished data); thus, it is unlikely that
PAR transmission was reduced by
more than 10% in our study.However,
since irradiance (mmol�m–2�s–1) may
have been slightly reduced and the
photosynthetic rate in plants depends
on photon absorption (Nobel, 2005),
it is possible that plant growth could
have been constrained under low
tunnels, especially given that shading
can reduce the photosynthetic rate
of strawberry (Chi et al., 2001;
Tabatabaei et al., 2008). Typically,
increased shading results in a shade
avoidance response where stems elon-
gate and plant height increases
(Schmitt and Wulff, 1993; Takaichi
et al., 2000), but in strawberry, a re-
duction in fresh and dry leaf weight,
leaf area, and leaf and crown initiation
has been reported under shaded con-
ditions (Awang and Atherton; 1995;
Tabatabaei et al., 2008).

Table 7. Cover treatment andmonth effects on air and soil temperatures during the 2018 growing season at theUniversity of
NewHampshire in Durham. Temperatures are for the period of 10 July 2018 through 31Oct. 2018. Cover treatments were
traditional open beds and low tunnels covered by 1.5-mil (0.038 mm) plastic. Low tunnels sides were raised for the majority
of the growing season, but were periodically closed for rain and permanently closed (except for harvest) on 1 Oct. 2018.
Temperatures were recorded using outdoor temperature sensors (HoboU12-008 4-channel logger; Onset Computer Corp.,
Bourne, MA) (n = 4).

Soil temp (�F)z Air temp (�F)y

Avg Maximum Minimum Avg Maximum Minimum

Cover
treatment

Low
tunnel

Open
bed

Low
tunnel

Open
bed

Low
tunnel

Open
bed

Low
tunnel

Open
bed

Low
tunnel

Open
bed

Low
tunnel

Open
bed

Month
July 82.4 abx 81.6 a 94.4 ab 95.5 a 73.4 a 71.5 ab 72.5 a 71.5 a 86.9 a 84.3 a 61.0 a 60.7 a
August 81.4 ab 79.1 b 91.5 ab 90.3 b 74.1 a 71.4 ab 73.4 a 72.5 a 86.1 a 84.1 a 63.2 a 62.7 a
September 72.2 c 68.9 c 80.4 c 77.0 c 66.5 bc 63.3 c 65.0 b 64.0 b 78.4 b 75.3 c 55.2 b 54.9 b
October 55.1 d 50.5 d 61.3 d 56.0 e 50.7 d 46.6 d 49.4 c 47.3 c 66.2 d 57.2 e 38.2 c 38.2 c

Season avgw 72.8 70.0 82.0 79.7 66.2 63.2 65.1 A 63.8 B 79.4 A 75.2 B 54.4 A 54.1 B
Significance
Cover 0.243 0.214 0.283 <0.0001 <0.0001 0.017
Month <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Cover ·

month
0.008 <0.0001 0.202 0.709 <0.0001 0.984

zSoil temperatures were collected at a soil depth of 3 inches (7.6 cm) under 1.25-mil (0.032 mm) black plastic mulch; (�F – 32) O 1.8 = �C.
yAir temperatures were collected under a solar radiation shield placed 12 inches (30.5 cm) above bed height.
xWithin average, maximum, or minimum columns, means sharing a lowercase letter (across all mo. and both cover treatments) are not significantly different (Tukey’s honestly
significant difference test; P £ 0.05).
wWithin average, maximum, or minimum columns, LT and OB season averages sharing an uppercase letter are not significantly different (Student’s t test; P £ 0.05).

Fig. 8. Relationship between the total number of runners produced per plant and
the average plant height or diameter of day-neutral strawberry cultivars grown at
the University of NewHampshire in Durham in 2017 and 2018. Cultivars are not
distinguished from each other. There are two data points on each graph for
cultivars that were in both years of experiments (Albion, Monterey, Portola, San
Andreas, and Seascape) and one data point for cultivars included in one
experiment only (Aromas, Cabrillo, and Sweet Ann) (n = 4); 1 cm = 0.3937 inch.
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Temperature
Season-long air temperatures, but

not soil temperatures, were signifi-
cantly increased by low tunnels in our
study. The 1.3 �F increase in average air
temperature we measured is compara-
ble to average increases in other studies
(Condori et al., 2017; Van Sterthem
et al., 2017). Interestingly, while our
data show that season-long minimum
air temperatures were also significantly
warmer under low tunnels, the increase
was only 0.3 �F, and as the season
progressed into the fall months, low
tunnels and open beds had increasingly
similar minimum temperatures. This
suggests that while low tunnels block
wind andmay influence humidity levels
(Condori et al., 2017; A. Petran, per-
sonal communication), they do not
appear to provide thermal insulation
during the colder fall months. This
outcome is similar to what has been
observed in high tunnels, which often
reach the same nighttime minimum air
temperature as unprotected environ-
ments, especially during the colder
months (Wein, 2009).

The most significant tempera-
ture differences between cover treat-
ments occurred when low tunnel
sides were lowered for rain and during
the month of October. In October,
maximum temperatures were sub-
stantially greater under low tunnels
than open beds, by an average of 5.3
�F (air) and 9 �F (soil). This effect
suggests that season-long tempera-
ture averages obscure the effects of
ventilation practices on daily fluctua-
tions in temperature, which can be-
come quite warm under closed
tunnels. In fact, temperatures reached
at high as 104.0 �F under low tunnels
in August, and up to 92.3 �F under
closed low tunnels in October in our
study. On both occasions, tempera-
tures were substantially greater under
low tunnels than open beds, by as
much as 19.9 �F. Since flowering in
strawberry can be reduced at temper-
atures exceeding 30/25 �C day/
night (86.0/77.0 �F) (Durner et al.,
1984; Kadir et al., 2006; Ledesma
et al., 2008), and even brief exposure
to 42 �C (107.6 �F) can negatively
influence fruit set (Ledesma and
Kawabata, 2016), careful ventilation
management needs to be a key com-
ponent of low tunnel strawberry pro-
duction. Commercial growers have
already cited temperature manage-
ment as a primary challenge with

low tunnels (Connor and Demchak,
2018). Our results suggest that
growers should leave tunnel sides
vented as much as possible.

Conclusion
We show that DN cultivars can

add an additional 18 to 20 weeks of
fruit production onto the existing
4- to 6-week long season in the
northeastern United States, and that
first-year marketable yields are likely
to surpass what commercial growers
currently harvest from short-day cul-
tivars. However, the variation we re-
port among cultivars in yield, fruit
size, and SSC, highlights the impor-
tance of cultivar selection. Further-
more, the distinct fruiting patterns we
observed among cultivars indicates
that a combination of cultivars may
be required to achieve sufficient yields
throughout the prolonged season.

While the inclusion of low tunnels
did not increase cumulative market-
able or total yield in either year, low
tunnels did increase the percent mar-
ketable yield, reducing labor inputs for
the removal of cull fruit comparedwith
open beds. Low tunnels also increased
late-season marketable yield in 1 of 2
years, indicating that the structures can
have positive impacts on fruit quality
during precipitation and the late-fall
season. While we erected low tunnels
shortly after planting in both years, our
results suggest that low tunnel con-
struction may not be necessary until
plants are flowering or when fruit are
present. However, deferring low tun-
nel construction may impact any ef-
fects low tunnels have on suppressing
runner initiation. Since maximum
temperatures reached nearly 20 �F
greater inside low tunnels, we suggest
that low tunnel sides be fully vented
except for precipitation. We believe
this is particularly important during
the summer months when ambient
temperatures are high.

With high yields, large fruit, and
moderate to high SSC, the cultivars
Albion, Aromas, Monterey, San
Andreas, and Sweet Ann offer great
potential to produce strawberry fruit
of an exceptional eating quality
through the summer and fall in the
northeastern United States.
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Supplemental Fig. 1. Experimental design for day-neutral strawberry experiments
conducted in 2017 and 2018 at theUniversity ofNewHampshire inDurham. The
experiment was arranged in a split-plot randomized complete block design with
four replications. The main-plot was cover treatment, and consisted of traditional
open beds and low tunnels covered by 1.5-mil (0.038 mm) plastic. The sub-plot
was cultivar, and a total of six cultivars were evaluated in 2017 and seven in 2018.
Cultivars were: Albion (A), Aromas (AR), Cabrillo (CA), Monterey (M), Portola
(P), San Andreas (SA), Seascape (SS), and Sweet Ann (SW). Sub-plots consisted of
10 plants in 2017 and 14 plants in 2018, and were established one directly after
another the length of each row.
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