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SUMMARY. The standard strawberry (Fragaria ·ananassa) production system in
Florida uses bare-root transplants with three to five leaves; however, commercial
transplants are typically variable in size. The objective of this experiment was to
study the effects of transplant crown diameter on the subsequent performance of
three short-day strawberry cultivars under central Florida conditions. Trials were
carried out during the 2012–13 and 2013–14 growing seasons with six treatments
resulting from the combination of three cultivars and two crown diameter
categories. Transplants of ‘Florida Radiance’, ‘Strawberry Festival’, and Winter-
StarTM were sorted into two initial crown diameter size ranges: <10 mm and
>10 mm. Treatments were established in a split-plot design with cultivars as the
main plot and four replications. Dry plant biomass was collected at 6 weeks after
transplant (WAT). Canopy diameter and crown diameter were measured at 6 and
18 WAT and fruit harvest started at 8 WAT. There were no interactions between
cultivar and initial crown diameter for any of themeasured variables. For early yield,
larger crowns led to 46% (3.5 Mg�haL1) and 38% (3.9 Mg�haL1) higher early yield
than smaller crowns in 2012–13 and 2013–14, respectively. Crown diameters
>10 mm also resulted in 18% (23.5 Mg�haL1) and 27% (17.4 Mg�haL1) higher total
yields in 2012–13 and 2013–14, respectively.

C
alifornia and Florida are the
two leading producers of cul-
tivated strawberries in the

United States [U.S. Department of
Agriculture (USDA), 2012]. Florida
production in the winter months rep-
resents 16% of the national total pro-
duction (Mossler, 2010). The Florida
farm gate crop value was �$333
million, from a crop grown on
�10,600 acres in 2013 (USDA,
2014a). Although strawberry is the
most valuable crop per unit land area
in Florida, the industry has faced in-
creasing market competition. Mexico
is the biggest competitor for Florida’s
strawberry market window, with
more than 229,000 tons imported
to the United States in 2011 (Wu
et al., 2012). Increased imports have
contributed to the decrease in the
seasonal average price, which fell
from $1.87 to $1.10 per pound of
strawberries between 2010 and 2012

(USDA, 2012). To achieve profit-
ability in a more competitive mar-
ket, it is necessary to take advantage
of specific time periods that are
most likely to coincide with high
market prices. The highest straw-
berry prices occur between late No-
vember and early December, which
is when Mexico has not yet reached
full production (Tanino and Wang,
2008; Wu et al., 2012). This high-
price window overlaps with the first
weeks of production in Florida,
which makes early season yield an
important target for growers (Bish
and Cantliffe, 2002; Gilreath et al.,
2006).

In short-day strawberry produc-
tion, high quality transplants are
essential for early fruit yield. The
production system in Florida uses
bare-root transplants, with three to
four intact leaves (Bish et al., 2002),
which are established by overhead
irrigation during daylight hours for
up to 10 d. Bare-root transplants for
Florida are usually grown in southern
Canada and in high-elevation regions
of North Carolina and California dur-
ing the summer months, and are then
dug and shipped in refrigerated trucks
in late September and early October
(Bish and Cantliffe, 2003; Hochmuth
et al., 2006; Hokanson et al., 2004).
Bare-root transplants are affordable to
growers, but usually vary in crown size
and overall quality (Bish et al., 2000).
Once bare-root transplants are ship-
ped, a high proportion of roots be-
come unable to take up water and
nutrients, due to mechanical injury
from field digging, accentuating stress,
shortly after transplanting (Cocco
et al., 2011). Carbohydrate accumu-
lation and mobilization have an im-
portant role in plant development,
and crown starch reserves represent
a crucial source of carbohydrates for
plant development (Macias-Rodriguez
et al., 2002). Awide variation in crown
sizes directly affects plant vigor and
stand uniformity. It has been hypoth-
esized that larger transplants will re-
sult in higher strawberry yield (Bish and
Cantliffe, 2003; Menzel and Smith,
2011, 2012). However, there are con-
tradictory results as to whether wider
crown diameters result in higher yield,
especially when factors such as culti-
var and seasonal conditions are taken
into account (Cocco et al., 2011;
Johnson et al., 2008).

Cocco et al. (2011) compared
three classifications of bare-root
transplants with crown diameters
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ranging from 3 to 5 mm, 5.1 to 8
mm, and >8.1 mm. The authors
concluded that bare-root transplants
with crowns between 5.1 and 8 mm
and >8 mm resulted in similar yield.
However, plants with crowns <5 mm
resulted in 15% lower yield compared
with those 5.1 mm and higher. In
addition, Johnson et al. (2008) eval-
uated ‘Chandler’ and ‘Camarosa’
bare-root transplants planted in an
annual hill system with four classifica-
tions of crown diameter between 6.5
and 17.3 mm. They found a positive
linear relationship between ‘Chan-
dler’ early yield and crown diameter.
However, ‘Camarosa’ did not show
similar results, suggesting a possible
cultivar-dependent effect of crown
diameter. Crown diameter effects
have been evaluated in Florida for
‘Sweet Charlie’ bare-root transplants.
As with ‘Camarosa’, no consistent
relationship between crown sizes
and early yield were found (Stapleton
et al., 2001). However, experiments
with ‘Strawberry Festival’ in Queens-
land, Australia, showed that plants
with crowns of 12 mm diameter
resulted in 17% higher yield than
7-mm-diameter crowns (Menzel and
Smith, 2011). If the effect of crown
diameter is cultivar-dependent, it
would be informative to evaluate the
possible crown diameter by cultivar
interaction for cultivars currently
used by Florida growers. Therefore,
the objective of this experiment was
to study the effects of transplant
crown diameter on the performance
of three strawberry cultivars under
Florida conditions.

Materials and methods
Field trials were conducted dur-

ing the 2012 and 2013 seasons at the
Gulf Coast Research and Education
Center of the University of Florida,
located in Wimauma, FL (lat.
27�75ʹN, long. 82�22ʹE). The soil at
the experimental site is classified as
a Myakka fine sand, siliceous hyper-
thermic Oxyaquic Alorthod with
<1.5% organic matter and a pH of
6.6. Soil pH was measured with a pH
meter (Pinnacle series M530P; SI
Analytics, Mainz, Germany) by plac-
ing a glass electrode (UX-5931–24;
Cole-Parmer, Vernon Hills, IL) in
a mixture of soil and deionized water
(1:1 v/v). Before planting, the soil
was tilled twice to an approximate
depth of 8 inches (BP421 double

disk; Kenco Manufacturing, Atoka,
OK). In late August of both seasons,
pressed beds were formed that were
27 inches wide at the base, 24 inches
wide at the top, and 10 inches high,
spaced 4 ft apart on center. During
pressing, beds were fumigated with
1,3-dichloropropene (63.4%) + chlo-
ropicrin (34.7%) at a rate of 250 lb/
acre (Telone C-35; Dow Agro-
Science, Indianapolis, IN). Immedi-
ately after fumigation, beds were
covered with high-density black poly-
ethylene mulch film (1 mil thick;
Intergro Company, Clearwater, FL).
At the same time, one drip tape line
(0.5 L�h–1 per emitter, 12 inches
between emitters; Rivulis, Gvat, Is-
rael) was applied to the top center of
the bed, directly under the polyethyl-
ene film. Strawberry bare-root trans-
plants were planted on 9 Oct. 2012
and 7 Oct. 2013. The six treatments
included a combination of three cul-
tivars (Strawberry Festival, FL Radi-
ance, and WinterStar�) and two
crown diameter categories (<10 mm
and >10mm) replicated four times, in
a split-plot design, with cultivars as
the main plot and crown size as the
split-plot. Experimental units were 18
ft long (30 plants/plot). Immediately
after planting, overhead sprinkler ir-
rigation (1021 L�h–1 per sprinkler)
was applied for 10 d during daylight
hours for establishment. After estab-
lishment, transplants were drip irri-
gated twice per day at 0800 and 1300
HR. Irrigation cycles were adjusted
according to the average reference
evapotranspiration for west central
Florida from October to March and
adjusted for the crop growing stages
(Simonne and Dukes, 2009) accord-
ing to standard commercial practice.
Daily fertilizer applications started 1
WAT through the drip lines using
a hydraulic injector (Dosatron Inter-
national, Clearwater, FL) to pump
concentrated stock solution into the
irrigation water, using a dilution rate
of 1:50 (v/v).

Essential nutrients were supplied
following statewide recommendations
and initial soil test analysis (Santos
et al., 2013). Plots received �150
kg�ha–1 of nitrogen (N) through the
irrigation system during a 5-month-
season via a daily injection during the
second daily irrigation cycle. Plots were
fertigated using a solution with nutrient
levels of 6% N, 2% phosphorus, 8%
potassium, 2% calcium, 0.4%

magnesium, 0.02% boron, 0.04% man-
ganese, and 0.02% zinc (Dyna Fo 6-2-
8M1Mw/Merge; Chemical Dynamics,
Plant City, FL). Pest and disease scout-
ing was conducted weekly. Throughout
both seasons, two spotted mites (Tetra-
nychus urticae), armyworms (Spodoptera
eridania), and western flower thrips
(Frankliniella bispinosa) were detected.
Disease levels were considered mini-
mal, though some plants were affected
by angular leaf spot (Xanthomonas
fragariae), botrytis (Botrytis cinerea),
and anthracnose fruit rot (Colletotri-
chum acutatum). Disease and pest
management was conducted accord-
ing to commercial standards (Santos
et al., 2013).

Bare-root transplants (Crown
Nursery, Red Bluff, CA) were set 15
inches apart in double rows with 10
inches between rows within the beds.
During the nursery stage in 2012,
plants received �206 h of chilling
(determined as hours at tempera-
ture between 1 and 7 �C), data
were not available for 2013. ‘Florida
Radiance’, ‘Strawberry Festival’,
accounted for 70% of commercial
acreage at the time of the experiment
and ‘FL 05-107’ strawberry (mar-
keted as and referred to hereafter as
WinterStar�) was steadily increasing
in acreage (Whitaker et al., 2011);
the three cultivars were selected for
both growing seasons of experimen-
tation. Bare-root transplants were
manually sorted in two groups: crown
diameters <10 mm and >10 mm
based on the report of Menzel and
Smith (2012) that between 40%
and 48% of bare-root shipments had
crowns with a diameter <10 mm.
Bare-root crowns were measured
individually with a digital caliper
(Mitutoyo 500-196-20; Mitutoyo
America, Aurora, IL), and classified
as >10 mm or <10 mm, though
crowns 4 mm or less in diameter were
discarded. Selected transplants had
three to five leaves with no visible
signs of mechanical damage or disease
incidence.

Strawberry plant survival was
assessed 10 d after planting. A repre-
sentative sample was collected for dry
shoot biomass quantification 6 WAT,
using 10 plants from each plot. Plants
for shoot biomass measurements
were extracted from the beds and
washed with water to remove soil,
dried at 80 �C for 5 d, and then
weighed.
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Canopy diameter and crown di-
ameter were measured at 6 and 18
WAT using five randomly selected
plants per plot. The same five plants
were used during both sampling
dates. Crown diameter was measured
at the base of the plant, between the
plant canopy and the surface of the
plastic mulch. Canopy diameter was
assessed by measuring the distance
between the two outermost contrary
leaves. Early and total marketable
fruit weight and number were col-
lected from each plot (20 plants/
plot) starting at 9 WAT in 2012 and
8 WAT in 2013. Early marketable
yield (grams) was defined as the cu-
mulative marketable weight of the
first five harvests, whereas total mar-
ketable yield consisted of 20 harvests
during each season. Fruit were har-
vested on Mondays and Thursdays of
each week between 10 Dec. 2012 and
28 Feb. 2013; and 2 Dec. 2013 and
20 Feb. 2014. A marketable fruit was
defined as a fruit of at least 10 g,
without visible blemishes, and at least
75% external red color. Average fruit
weight was determined by dividing
the marketable fruit weight of each
treatment by its corresponding fruit
number only in 2013. Themain effect
of growing season, cultivar and crown
diameter, and their interactions were
considered fixed and were examined
for significance (P < 0.05) using a gen-
eral linear model (Statistix 9 Analytical
Software, Tallahassee, FL). Treatment
means were compared using Fisher’s
protected least significance difference
test (P < 0.05).

Results and discussion
On average across the experi-

ment, total yield from 2012–13 was
22.1 Mg�ha–1, whereas in 2013–14 it
was 15.1 Mg�ha–1. This was most
likely related to the higher tempera-
tures registered in Oct., Nov., and
Dec. 2013–14 (164 h above 26 �C),
compared with the 2012–13 season
(310 h above 26 �C) (Fig. 1) (Florida
Automated Weather Network, 2014).
Also, higher rainfall occurred in
2013–14 (116 mm) than in 2012–13
(94 mm), between December and
February (Fig. 1), whenmost fruit were
harvested. The higher temperatures of
the 2013–14 season likely contributed
to a delay and reduction in flowering,
and higher rainfall could have con-
tributed to a higher percentage of

water damage and fruit rot fruit (Yang
et al., 1990), as fungal spores can be
disperses by free water and rain-drop
splash (Jarvis, 1962).

All plants were successfully
established during both seasons,
showing no effect of the treatments
on plant survival. There were no in-
teractions between cultivar and initial
crown diameter for any of the mea-
sured variables (Tables 1–4). Grow-
ing season by treatment interactions
for dry plant biomass, canopy diame-
ter, and crown diameter were not
significant. Therefore data for these
variables were averaged over both
seasons. There was no interaction

between cultivar and crown diameter
treatments for dry plant biomass. At 6
WAT, dry plant biomass ranged from
18 to 25 g with no differences by
crown size or cultivar (Table 1). For
canopy diameter, there was no effect
of cultivar at 6 and 18 WAT, with
means of 21 and 37 cm, respectively.
Canopy diameter was higher at 6
WAT for plants with wider initial
crown diameters. However, by week
18, both transplant size categories
had a mean canopy diameter of 38
cm. Cultivar had no effect on crown
diameter at 6 WAT, but by week 18,
‘Strawberry Festival’ crowns were
wider (60 mm) compared with those

Fig. 1. Minimum and maximum air temperature, solar radiation, and rainfall at
the experimental site, Balm, FL, in the (A) 2012–13 and (B) 2013–14 strawberry
growing season; (1.8 · �C) D 32 = �F, 1 MJ�mL2�dL1 = 1.0749 W/ft2, 1 mm =
0.0394 inch.
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of ‘Florida Radiance’ and Winter-
Star�, which averaged 52 mm.

There was a significant interac-
tion between season and initial crown
diameter for early and total market-
able fruit weight, thus data were
analyzed by season (Table 2). In both
seasons, cultivars showed no differ-
ence in early yield. However, at 15
WAT ‘Florida Radiance’ and ‘Straw-
berry Festival’ resulted in higher
yields than WinterStar� in both sea-
sons (Table 2). In 2012–13 at 17
WAT, yield of ‘Strawberry Festival’
was 15.1Mg�ha–1 andwas higher than
‘Florida Radiance’ and WinterStar�.
In 2013–14, ‘Strawberry Festival’ and
‘Florida Radiance’ resulted in higher
yields than WinterStar� at 15 and
17 WAT. For total marketable
fruit weight, there was no difference
among cultivars in 2012–13 growing
season. However, ‘Florida Radiance’

and WinterStar� had higher total
yields in 2013–14 relative to ‘Straw-
berry Festival’.

Initial crown diameter treat-
ments gave consistent results in both
seasons, with wider crowns resulting
in higher yields for all cultivars. For
early yield, larger crowns led to 46%
(3.5 Mg�ha–1) and 38% (3.9 Mg�ha–1)
higher early yield than smaller crowns
in 2012–13 and 2013–14, respec-
tively (Table 2). Crown diameters
>10 mm also resulted in 18% (23.5
Mg�ha–1) and 27% (17.4 Mg�ha–1)
higher total yields in 2012–13 and
2013–14, respectively. Further, the
effect was not cultivar dependent, as
there was no interaction between
crown diameter and cultivar for any
of the measured variables in either
season (Tables 1–4).

Strawberry crowns represent an
important reservoir for carbohydrates

(Macias-Rodriguez et al., 2002).
Even though crowns do not comprise
the highest biomass percentage of the
plant during fruiting, it is estimated
that 75% of the required carbohy-
drates for the first 7 d of fruit growth
comes from carbohydrate reserves,
which includes roots and crowns
(Darnell and Martin, 1988). For
bare-root transplants, crowns repre-
sent a carbohydrates source for de-
veloping roots and leaves during the
establishment process. However,
depending on the weather conditions
and water status in the soil during
establishment, the impact of crown
size might be more or less important.
Water and nutrient uptake from the
roots are minimal during the estab-
lishment stage hence future dry
weight gain is mainly dependent on
the crowns for carbohydrates (Cocco
et al., 2011). Our results indicate that

Table 2. Effect of initial crown diameter and cultivar on strawberry cumulative early and total fruit yield at 12, 15, 17, and
20 weeks after transplanting (WAT), at Balm, FL, in the 2012–13 and 2013–14 growing season.

Treatment

2012–13 Season 2013–14 Season

WAT

12 15 17 20 12 15 17 20

Cultivar -----------------------------------------------------(Mg�ha–1)z ----------------------------------------------------
Florida Radiance 2.7 7.7 ay 12.7 b 22.3 3.4 9.9 a 9.8 a 16.3 a
Strawberry Festival 2.5 7.6 a 15.1 a 22.3 3.1 6.7 a 8.8 a 13.2 b
WinterStar� 2.8 6.0 b 11.3 b 21.8 3.1 4.6 b 6.8 b 15.9 a
Significancey NS * * NS NS * * *

Initial crown diameterx

<10 mmx 1.9 5.9 11.2 19.4 2.4 4.6 6.2 12.8
>10 mm 3.5 8.6 14.9 23.5 3.9 7.6 10.7 17.4
Significance * * * * * * * *

z1 Mg�ha–1 = 0.4461 ton/acre.
yValues followed by the different letters (columns) indicate that the means of cultivars are significantly different (P £ 0.05) according to Fisher’s-protected least significant
difference test within WAT; NS, *Nonsignificant or significant at P £ 0.05.
xInitial crown diameter at transplanting; 1 mm = 0.0394 inch.

Table 1. Effects of cultivar and bare-root transplant crown diameter on aboveground dry biomass, canopy diameter, and
crown diameter of strawberry plants at 6 and 18 weeks after transplanting (WAT) at Balm, FL, in the 2012–13 and 2013–14
growing season.

Treatments

Dry biomass (g)z Canopy diam (cm)z Crown diam (mm)z

6 WATy 6 WAT 18 WAT 6 WAT 18 WAT

Cultivar
Florida Radiance 18 21 36 18 52 bx

WinterStar� 18 21 36 18 52 b
Strawberry Festival 25 22 39 19 60 a
Significancex NS NS NS NS *

Initial crown diameterw

<10 mm 17 20 37 17 55
>10 mm 24 22 38 20 54
Significance NS * NS * NS

z1 g = 0.0353 oz, 1 cm = 0.3937 inch, 1 mm = 0.0394 inch.
yWAT.
xValues followed by the different letters (columns) indicate that the means of cultivars are significantly different (P £ 0.05) according to Fisher’s-protected least significant
difference test within WAT; NS, *Nonsignificant or significant at P £ 0.05.
wInitial crown diameter at transplanting.
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crown size has a pronounced effect on
yield under Florida conditions in
both seasons under study.

Menzel and Smith (2011) evalu-
ated the effect of strawberry trans-
plant size in Queensland, Australia,
and found similar results; plants with
large crowns ranging in size from
10 to 17 mm resulted in 17% higher
yields than plants with smaller crowns
in ‘Strawberry Festival’. Results were
consistent for both ‘Florida Radiance’
and ‘Strawberry Festival’, where
plants with wider crowns had higher
yields than plants with smaller crowns
(Menzel and Smith, 2012). The dif-
ference in yield was attributed to dry
matter production of large plants
compared with small plants. These
results are similar to ours, which
showed no increase in average fruit
weight (Table 3), but did show an
increase in fruit number for plants
with large crowns (Table 4) in 2012.
At the nursery stage, first and second

order plants (first and second rooted
daughter plants) develop larger
crowns compared later rooted plants
and have more time to initiate flower
buds before digging. The difference
in fruit number between crown treat-
ments suggests that the increase in
yield among plants with larger crowns
may be related to a higher number of
flowers initiated and developed in
larger crowns (Table 4).

According to our results from
two growing seasons, initial crown
diameter of bare-root transplants
should be a key consideration for
strawberry production. The effect of
initial crown diameter was consistent
for the three major cultivars in Florida
and has a strong effect on early and
total yield of strawberries. Though it
is not current practice for nurseries to
grade according to a crown size,
nurseries could offer larger crowns
at a price premium to growers in
the future. Our data suggests that

a 10-mm minimum diameter could
be a good starting point. Taking into
account historical weekly price data
for Florida fresh fruit (USDA, 2014b)
over the last 10 season, and simply
multiplying by weekly yields from our
experiments, shifting to crowns with
diameter >10 mm vs. those <10 mm
could represent a difference in gross
revenue of up to $21,813/ha for
a 20-week harvest period. A nuanced
economic analysis is beyond the scope
of the present study, especially as
there is no information on what price
premium would be required for nurs-
eries to provide larger crown sizes.
However, the difference in gross rev-
enue alone suggests that growers
might benefit from paying a premium
for uniformly large crown sizes
of ‘Strawberry Festival’, ‘Florida
Radiance’, and WinterStar�.
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