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Abstract. In subtropical blackberry (Rubus L. subgenus Rubus Watson) production,
inadequate winter chill causes poor and erratic budbreak, whereas high temperatures
and heavy rainfall deteriorate late-season fruit quality. We examined the effects of four
defoliants [zinc sulfate (ZS), potassium thiosulfate (KTS), urea, and lime sulfur (LS)] on
defoliation, budbreak, yield, and fruit quality of ‘Natchez’ blackberry grown under
inadequate chilling conditions in two consecutive growing seasons. Plants were treated
with defoliants at 187 kg·haL1 via spray application (1870 L·haL1) at the beginning of
chill accumulation (late December). A nonionic surfactant (Agri-Dex) was added at 0.5%
(v/v) to all treatments including the water control. Cumulative chilling hours (<7.2 8C) at
the experiment site were 209 and 134 in the first and second growing seasons, respec-
tively. Defoliation was only 40.2% to 55.5% in the control, but it was induced moderately
by LS (69.7% to 84.7%) and severely by the other defoliants (81.7% to 94.7%). Budbreak
was induced most rapidly by urea application, followed by LS, KTS, and ZS, advancing
by 17 to 66 days compared with the control. Consequently, urea, KTS, LS, and ZS
increased early season yield by 2.79, 2.55, 0.87, and 0.31 t·haL1, respectively, compared
with the control (0.12 t·haL1). By contrast, the final percentage of budbreak and total-
season yield did not show significant treatment effects. KTS caused cane dieback and
increased bud mortality, resulting in the lowest total-season yield among the treatments.
Importantly, defoliants had no negative impact on berry size and soluble solids concen-
tration. These results suggest that urea, LS, and ZS are effective bud dormancy-breaking
agents for blackberry and that they could be an important adaptation tool for subtropical
blackberry production. Among the three defoliants, urea appears to be the ideal chemical
option because of its consistent efficacy, favorable safety profile, and low application cost.

Blackberry (RubusL. subgenusRubusWatson)
is a deciduous berry crop for which produc-
tion is expanding worldwide. This trend is

mainly driven by increased consumer de-
mand, improved cultivars, and advanced pro-
duction methods (Clark and Finn, 2014). The
majority of commercial blackberry produc-
tion is concentrated in temperate regions with
cool winter temperatures, such as Serbia,
Hungary, the northwestern United States,
Mexico, and China (Strik et al., 2007). In
the United States, blackberry is the fourth
most economically important small fruit
crop, generating $697 million in retail sales
during 2019 (California Strawberry Commis-
sion, 2019). California and Oregon are the
leading states in fresh-market and processing
blackberry production, respectively. Black-
berry production has recently expanded to the
southeastern states, such as Georgia and
Arkansas (Clark and Finn, 2014), where the
production acreage increased by 52% (996
vs. 1512 ha) from 2007 to 2017 [U.S. De-
partment of Agriculture (USDA), 2017]. In
Florida, however, the production acreage is
still very limited (98 ha) (USDA, 2017),
mostly because winter chilling hours are not

adequate to break bud dormancy for major
blackberry cultivars.

As in most deciduous fruit crops, winter
chill plays an important role in budbreak and
flower development in blackberry (Takeda
et al., 2002). In general, blackberry plants
defoliate naturally and develop flower buds
on primocanes in late fall. Buds will enter
into dormancy during winter, and they will
sprout in the upcoming spring. Plants must be
exposed to a certain amount of winter chill
to break bud dormancy in spring. This so-
called chilling requirement is highly variable
among blackberry cultivars. The chilling re-
quirement of commercial floricane-fruiting
blackberry cultivars varies from 300 to 900 h
below 7.2 �C (Carter et al., 2006; Drake and
Clark, 2000; McWhirt, 2017b). The timing
and rate of budbreak are critical to temperate
fruit production because they determine the
harvest window, yields, and fruit quality
(Atkinson et al., 2013). Under insufficient
chilling conditions, plants fail to break dor-
mancy, resulting in poor budbreak, abnormal
flowering, and ultimately low fruit yields
(Fear and Meyer, 1993; Lin and Agehara,
2020a, 2020b).

Despite the rapidly growing demand world-
wide, blackberry production is predominant
in temperate climates (Clark and Finn, 2014),
where winter chill is adequate to meet the
chilling requirement. In subtropical climates,
blackberry production has two major chal-
lenges. First, inadequate chilling causes poor
and erratic budbreak. Second, late-season
harvests coincide with high temperatures
and heavy rainfall, deteriorating fruit quality
via sunscald and rain damage (Hussain et al.,
2016; Lin and Agehara, 2018). For viable
subtropical blackberry production, dormancy
should be artificially released to accelerate
budbreak and to advance the fruiting season.

Many chemicals have been tested and
developed as dormancy-breaking agents for
temperate fruit crops (Ionescu et al., 2016).
Various defoliants are commercially applied
to promote budbreak and advance flowering
time. Among them, the most successful is
hydrogen cyanamide (HC). In the past two
decades, HC application has become a major
commercial practice in peach (Prunus per-
sica L.) and blueberry (Vaccinium corymbo-
sum L. hybrid) production for breaking bud
dormancy in Florida (Olmstead, 2014; Wil-
liamson et al., 2002). Although the precise
mode of action of HC is still not fully under-
stood, its various molecular effects have been
reported, including increased sublethal oxi-
dative stress, increased production of reactive
oxygen species (ROS), auxins, and cytokinins,
inhibition of abscisic acid production, upre-
gulation of flowering genes, and downregu-
lation of dormancy-related genes (Ionescu
et al., 2016; Sudawan et al., 2016; Tang et al.,
2019; Vergara et al., 2012; Yamane et al.,
2011). All of these responses also occur
naturally during budbreak. The major draw-
backs of HC are its adverse health effects
and potential environmental pollution (Schep
et al., 2009; U.S. Environmental Protection
Agency, 2007). As a result, HC application is

Received for publication 22 Oct. 2020. Accepted
for publication 24 Nov. 2020.
Published online 31 December 2020.
This study was supported in part by the Florida
Specialty Crop Block Grant Program (USDA-AMS-
SCBGP-2019). We thank Dustin Groom for allow-
ing us to conduct experiments in his orchard and for
his cooperation, Dante Pinochet for his assistance
during data collection and insightful comments, and
all members of Horticultural Crop Physiology Lab at
the Gulf Coast Research and Education Center for
their technical assistance.
The use of brand names and anymention or listing of
commercial products or services in the publication
does not imply endorsement byUniversity of Florida
nor discrimination against similar products or ser-
vices not mentioned.
S.A. is the corresponding author. E-mail: sagehara@
ufl.edu.
This is an open access article distributed under the
CC BY-NC-ND license (https://creativecommons.
org/licenses/by-nc-nd/4.0/).

210 HORTSCIENCE VOL. 56(2) FEBRUARY 2021

https://doi.org/10.21273/HORTSCI15533-20
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sagehara@ufl.edu
mailto:sagehara@ufl.edu


strictly regulated or even prohibited in some
countries. Another useful bud-breaking agent
may be gibberellins (GA), which acts as a
signal to induce budbreak in many perennial
crops (Horvath, 2009). Exogenous GA3 and
GA4 induce budbreak in several fruit crops
(Donoho and Walker, 1957; Elsabagh, 2014;
Tzoutzoukou et al., 1998; Zhuang et al., 2013).
In blackberry, although GA3 is effective in
inducing budbreak, it causes cultivar-specific
flower abortion, making the development of its
commercial application challenging (Lin and
Agehara, 2020b).

Ideal dormancy-breaking agents should
have not only high efficacy but also a favor-
able safety profile and low application costs.
Some fertilizers, such as ZS and urea, are
highly effective in defoliating fruit crops
(Chapman et al., 1979; Dhillon et al., 2018;
Griggs, 1958; Ferguson et al., 2007; Singh
et al., 2002). LS is registered as a fungicide
for many temperate fruit and nut crops, but its
defoliation effects are noted on the product
label (e.g., Brandt Lime Sulfur; Brandt Con-
solidated, Springfield, IL). In addition, bud-
break induction effects of defoliants are also
reported in many fruit crops. In apricot (Pru-
nus armeniaca L.), 5% to 10% of urea and ZS
induced up to 54% of flower budbreak com-
pared with 12% in the control (Hegazi, 2012).
In sugar apple (Annona squamosa L.), foliar
spray of urea at 10% and 15% advanced
budbreak by 43 and 66 d, flowering by 50 and
72 d, and fruit earliness by 35 and 47 d,
respectively (Chander et al., 2019). In cher-
imoya (Annona cherimolaMill.), foliar spray
of urea at 8% advanced budbreak by 3 weeks,
flowering by 2 weeks, and fruit earliness by
12 d (Gonz�alez et al., 2013). However, the
efficacy of these defoliants in breaking bud
dormancy has not been reported in black-
berry.

The development of artificial dormancy-
breaking methods could help not only estab-
lish the subtropical blackberry industry but
also cope with future loss of winter chill in
temperate climates caused by global warm-
ing (Luedeling et al., 2011). The objective of
this study was to examine the effects of
defoliants on defoliation, budbreak, yields,
and fruit quality of ‘Natchez’ floricane-
fruiting blackberry under subtropical cli-
matic conditions.

Materials and Methods

Experiment site and plant material. Two
field experiments were conducted at a com-
mercial blackberry farm located in Plant
City, FL, the United States (lat. 28�03#N,
long. 82�19#W, elevation 39 m) in the 2018–
19 and 2019–20 seasons. The farm was
established with tissue-cultured seedlings of
‘Natchez’ floricane-fruiting blackberry in
Spring 2015. The estimated chilling require-
ment of this cultivar is �300 h (McWhirt,
2017b). Plants were grown on raised beds
covered with black landscape fabric, and they
were spaced at 0.9 m within a row and 3.6 m
between rows (3237 plant/ha). Canes were
trained to a three-wire vertical trellis, with

upper, middle, and lower wires positioned at
1.4, 0.9, and 0.4 m from the ground, respec-
tively. Primocanes were tied to the trellis and
trained to loop down when they reached the
upper wire. Once primocanes reached the
lower wire, they were tipped to encourage
lateral growth. Floricanes were pruned in
late June immediately after the final harvest.
The number of accumulated chilling hours
below 7.2 �C recorded at the experiment site
was obtained from the Florida Automated
Weather Network (http://agroclimate.org/tools/
Chill-Hours-Calculator/).

Defoliant treatment and experiment design.
All treatments were performed between
9:00 and 11:00 AM using a CO2-pressured
backpack sprayer (model T; Bellspray, Ope-
lousas, LA) equipped with two flat nozzle tips
(XR8002; TeeJet Technologies, Wheaton, IL)
spaced 0.46 m apart on the spray boom. The
spray volume was 1870 L·ha–1. In the 2018–19
season, ZS, KTS, urea, and LS (Brandt Lime
Sulfur) were sprayed at 187 kg·ha–1 (10%,w/w)
on 27 Dec. 2018 (the beginning of chill accu-
mulation). In the 2019–20 season, the same
defoliant treatmentswere performed on 25Dec.
2019, except for KTS, which caused severe
phytotoxicity in the 2018–19 season. A nonionic
surfactant (Agri-Dex; Helena Chemical, Collier-
ville, TN)was addedat 0.5%(v/v) to all defoliant
treatments including the water control.

In the 2018–19 season, treatments in-
cluded the control and four defoliants: ZS,
KTS, urea, and LS. The experiment was
conducted as an incomplete unbalanced ran-
domized block design with three blocks. All
treatments had three replicated plots (one plot
per block), except that the LS treatment had
two replicated plots. Each plot consisted of
three to five plants. In the 2019–20 season,
treatments included the control and three
defoliant treatments: ZS, urea, and LS. All
treatments had five replicated plots arranged
in a complete randomized design. Each plot
consisted of three to five plants.

Defoliation and budbreak. Five represen-
tative floricanes were selected per plot before
defoliant treatments (3–5 plants per plot). For
each cane, a section containing 20 nodes,
starting with the third node from the cane tip,
was labeled to monitor defoliation and bud-
break. The number of nodes without leaves or
with sprouted buds was counted on a mostly
weekly basis. Buds were considered sprouted
when the emergence of green tissue was
visible. The percentage of defoliation was
calculated by dividing the number of nodes
without leaves by 20 and multiplying by 100.
The percentage of budbreak was calculated by
dividing the number of nodes with sprouted
buds by 20 and multiplying by 100.

Marketable yield and fruit quality. In the
2018–19 season, fully ripe berries were
harvested 13 times between 9 Apr. and 18
June 2019: six times in April, four times in
May, and three times in June. In the 2019–20
season, fully ripe berries were harvested 16
times between 1 Apr. and 11 June 2020: five
times in April, eight times in May, and three
times in June. April, May, and June yields
were considered early, mid-, and late-season

yields, respectively. We graded harvested
berries according to the USDA grade stan-
dards (USDA, 2016). Both U.S. No. 1 and
U.S. No. 2 berries were considered market-
able.

To assess fruit quality, the four largest (by
weight) marketable berries were sampled per
plot during three and four peak harvests in the
2018–19 and 2019–20 seasons, respectively.
For each berry, we recorded fresh weight,
length, and width. Wemeasured soluble solids
concentration (SSC) using a digital refractom-
eter (PAL-1; ATAGO, Tokyo, Japan) on un-
filtered juice. Fruit juice was squeezed from
the entire berry with a stainless-steel garlic
press.

Statistical analysis. All data were ana-
lyzed by the generalized linear mixed model
procedure (PROC GLIMMIX) in the SAS
statistical software (SAS 9.4; SAS Institute
Inc., Cary, NC). Because treatments and
experimental design were different between
the two seasons, statistical analysis was
performed within each season. In the 2018–
19 season, treatments were considered a fixed
factor, whereas blocks were considered a
random factor. In the 2019–20 season, treat-
ments were considered as a fixed factor, and
no random effects were considered.

Marketable yield and berry size (e.g.,
berry fresh weight, length, and width) data
were modeled with the lognormal distribu-
tion (DIST=LOGNORMAL) and the normal
distribution (DIST=NORMAL), respectively.
For model parameter estimation, boundary
constraints on covariance were removed
(NOBOUND), and df for the fixed effects
were adjusted by using the Kenward-Roger
df approximation (DDFM=KR). Fruit SSC
data were modeled with the beta distribution
(DIST=BETA), and model parameters were
estimated by using maximum likelihood
estimation with quadrature approximation
(METHOD=QUAD) and default bias-corrected
sandwich estimators (EMPIRICAL=MBN).

Defoliation and budbreak data were col-
lected in a repeated measures design and thus
subjected to repeatedmeasure analysis. Fixed
factors were treatments, time, and treatment
· time in both seasons. Random factors were
blocks and block · treatment in the 2018–19
season and replication · treatment in the
2019–20 season. When raw data values were
equal to 0%, we set them as 1% before the
analysis. Data were then modeled with the
beta distribution (DIST=BETA). A covariance
structure was specified based on the smallest
corrected Akaike information criterion. Model
parameters were estimated by using the re-
stricted subject pseudo-likelihood method
(METHOD=RSPL), and df for the fixed ef-
fects were adjusted by using the Kenward-
Roger df approximation (DDFM=KR2).

For marketable yield data, log-transformed
data were back-transformed by exponentiat-
ing the sum of the least square mean and the
correction factor (Sprugel, 1983). For defo-
liation and budbreak data, data were rescaled
to the original scale by using the inverse link
option (ILINK) in the LSMEANS state-
ment. Least square means comparisons were
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performed using the Tukey-Kramer test. Unless
otherwise noted, P values <0.05 were consid-
ered statistically significant. Back-transformed
or rescaled data are reported in this study.

Results

Defoliation. In the 2018–19 season, defo-
liation began before defoliant treatments,
with the percentage of defoliation ranging
from 19.8% to 23.9% at 12 d before treatment
(DBT) (Fig. 1). In the control, defoliation
increased gradually from 45.1% at 7 d after
treatment (DAT) to 55.5% at 43 DAT. All
defoliants induced rapid defoliation. At 7
DAT, the urea treatment showed significantly
greater defoliation than the control (45.1%
vs. 85.2%). From 19 to 43 DAT, similar
trends were observed: the KTS (92.1% to
94.7%) and urea treatments (88.5% to 89.6%)
had significantly greater defoliation than the
control (48.4% to 55.5%). Although defolia-
tion induced by ZS (71.9% to 81.7%) and LS
(78.6% to 84.7%) was similar to that by KTS
and urea, it was not significantly different
compared with the control.

In the 2019–20 season, defoliation at 1
DBT was somewhat variable, ranging from
8.5% to 26.9% at 1 DBT, but no significant
difference was detected by the Tukey-
Kramer test (Fig. 1). In the control, defoli-
ation gradually increased from 24.7% at 6
DAT to 40.2% at 48 DAT. From 10 to 48
DAT, defoliation remained significantly
greater in the ZS (82.7% to 91.9%) and
urea treatments (73.0% to 84.2%) than in
the control (27.4% to 40.2%). In the LS
treatment, defoliation gradually increased
up to 69.7% at 48 DAT, but no significant
difference was detected compared with the
control.

Budbreak. In the 2018–19 season, we did
not observe any budbreak before the defoli-
ant application on 27 Dec. 2018 (data not
shown). In the control, budbreak remained
low (�1.2%) until 33 DAT but increased
gradually thereafter, reaching 26.1% at 78
DAT (Fig. 2). Compared with the control, the
onset of budbreak was advanced by urea, LS,
and KTS by 24, 24, and 17 d, respectively. At
7 DAT, the urea treatment (15.6%) induced
budbreak at a higher percentage compared

with the other treatments (1.0% to 2.8%).
From 19 through 33 DAT, the KTS (13.3% to
17.5%), urea (27.9% to 28.9%), and LS
(37.0% to 41.5%) treatments showed signif-
icantly higher percentages of budbreak than
the control (�1.1%) and the ZS treatment
(1.0%) (Fig. 3). At 43 DAT, budbreak
reached nearly the peak in the LS (51.9%),
urea (31.0%), KTS (18.2%) treatments,
whereas it was still limited in the ZS treat-
ment (2.0%). Thereafter, the ZS treatment
showed similar budbreak responses com-
pared with the control, whereas the other
defoliant treatments only slightly increased
budbreak. As a result, there was no significant
difference in budbreak among treatments from
63 through 78 DAT. Although KTS induced
rapid budbreak, it caused severe phytotoxicity,
including cane dieback and increased bud
mortality (Supplemental Fig. 2).

In the 2019–20 season, we did not observe
any budbreak before the defoliant application
on 25 Dec. 2019 (data not shown). In the
control, budbreak remained low (�1.0%)
until 62 DAT but increased gradually there-
after, reaching 34.8% at 106 DAT (Fig. 2).
Compared with the control, the onset of
budbreak was advanced by urea, LS, and
ZS by 66, 49, and 49 d, respectively. At 10
and 17 DAT, the urea treatment (9.7% to
21.0%) had significantly higher percentages
of budbreak compared with the control
(�1.0%) and the other defoliant treatments
(1.0% to 8.3%). At 27 DAT, all defoliant
treatments had significantly higher percent-
ages of budbreak than the control (1.0%), and
budbreak was induced most rapidly by urea
(31.5%), followed by LS (21.0%) and ZS
(7.6%). From 34 through 76 DAT, similar
trends were observed. Thereafter, budbreak
increased again gradually in all defoliant treat-
ments, reaching 33.7% to 52.4% at 106 DAT.

Marketable yield. In the 2018–19 season,
only early season yield was significantly in-
creased by the defoliant treatments (Table 1).
Compared with the control (0.12 t·ha–1), urea,
KTS, LS, and ZS increased early season yield
by 2.79, 2.55, 0.87, and 0.31 t·ha–1, respec-
tively. Midseason yield showed no significant
difference among the treatments. Late-season
yield was reduced in the KTS treatment
by 85% compared with the control, but it
showed no significant difference among the
other treatments. Compared with the control,
total-season yield was 35%, 34%, and 16%
higher in the LS, ZS, and urea treatments,
respectively, but these increases were not
statistically significant.

In the 2019–20 season, the control did not
produce any ripe berries in April and thus
recorded zero early season yield (Table 1).
By contrast, all defoliant treatments produced
ripe berries in April (0.15 to 0.29 t·ha–1).
Similar to the 2018–19 season, early season
yield was highest in the urea treatment,
followed by the LS and ZS treatments. Mid-
season yield was 101% higher in the LS
treatment than the control at P < 0.10 (2.32
vs. 4.67 t·ha–1). Compared with the control,
total-season yield was 87%, 85%, and 17%
higher in the urea, LS, and ZS treatments,

Fig. 1. Defoliation of ‘Natchez’ blackberry grown under subtropical conditions as affected by defoliants in
the (A) 2018–19 and (B) 2019–20 seasons. Plants were treated with defoliants at 187 kg·ha–1 via spray
application (1870 L·ha–1) on 27 Dec. 2018 in the 2018–19 season and on 25 Dec. 2019 in the 2019–20
season. A nonionic surfactant (Agri-Dex) was added at 0.5% (v/v) to all treatments including the water
control. Means (n = 2–3 in the 2018–19 season; n = 5 in the 2019–20 season) with the same or no letter
within each measurement day are not significantly different (Tukey-Kramer test, P < 0.05). ZS = zinc
sulfate; LS = lime sulfur; KTS = potassium thiosulfate.

Fig. 2. Budbreak of ‘Natchez’ blackberry grown under subtropical conditions as affected by defoliants in
the (A) 2018–19 and (B) 2019–20 seasons. Treatments and statistical analysis are as described in Fig. 1.
ZS = zinc sulfate; LS = lime sulfur; KTS = potassium thiosulfate.

212 HORTSCIENCE VOL. 56(2) FEBRUARY 2021



respectively, but these increases were not
statistically significant.

Berry size and quality. In both seasons, no
significant treatment effect was detected in
berry size (fresh weight, length, and width)
and SSC (Table 2).

Discussion

Differential induction of defoliation and
budbreak by defoliants. The commercial use

of defoliants in blackberry production is
limited (Strik et al., 2007). Although it is
reported that three fertilizers, including urea,
ammonium sulfate, and copper sulfate, are
used as defoliants for ‘Brazo’ and ‘Tupi’
blackberry in Mexico (Strik et al., 2007), no
published data on the efficacy of defoliants
are available. In ‘Natchez’ blackberry, our
results suggest that the effectiveness in in-
ducing defoliation varies among the tested
chemicals. Defoliation by LS was moderate,

ranging from 69.7% to 84.7%, whereas more
severe defoliation was induced by ZS, urea,
and KTS, ranging from 81.7% to 94.7%.
Among the tested chemicals, only urea
caused statistically significant defoliation in
the two consecutive growing seasons, dem-
onstrating its consistent efficacy as a defoli-
ant for blackberry. The high effectiveness of
urea in inducing defoliation is reported in
many crops, including sugar apple, guava
(Psidium guajava L.), and cherimoya
(Chander et al., 2019; Dhillon et al., 2018;
Gonz�alez et al., 2013).

Our results also suggest that the effective-
ness in promoting budbreak varies among the
tested chemicals. Budbreak induction by ZS
was minimal, whereas both urea and LS
significantly accelerated budbreak in the
two consecutive growing seasons. The max-
imum budbreak observed in this study was
57.7% in the LS treatment, demonstrating
that LS is most effective in promoting bud-
break among the tested chemicals. To the
best of our knowledge, this is the first work
reporting the efficacy of defoliants in pro-
moting defoliation and budbreak of black-
berry.

In Mexico, although no published data are
available, it has been reported that defoliants
are used in combination with GA and thidia-
zuron during the vegetative growth stage to
promote budbreak of ‘Brazos’, ‘Tupy’, and
other erect blackberry cultivars (Strik et al.,
2007). In our study, ‘Natchez’ was treated
only with defoliants at the beginning of chill
accumulation. With this method, our results
suggest that defoliants alone are highly ef-
fective in accelerating budbreak in black-
berry.

Potential roles of defoliation in budbreak
induction. Interestingly, no clear relationship
was found between defoliation and bud-
break in this study. For example, ZS induced
severe defoliation, but its effect on budbreak
was minimal. Conversely, LS induced only
moderate defoliation, but its efficacy in
promoting budbreak was more pronounced
compared with the other chemicals. Unlike
ZS and LS, urea and KTS promoted both
defoliation and budbreak in a more consis-
tent manner. This observation suggests that
defoliation itself does not induce budbreak.
A similar observation is reported in a previ-
ous study. In apple (Malus domestica
Borkh.) grown under inadequate chilling
conditions, Díaz et al. (1987) compared the
budbreak induction effects of 10% copper
sulfate spray application and manual re-
moval of leaves. They reported 48% of
budbreak in the copper sulfate treatment
but only 17% of budbreak in the manual
defoliation treatment.

In temperate fruit crops, warm winter
temperatures can result in delayed and in-
complete defoliation and budbreak (Walser
et al., 1981). One of the important functions
of chemical defoliation is to allow floral buds
to be receptive to winter chill accumulation,
which in turn reduces the depth of dormancy
(Lloyd and Firth, 1990; Olmstead, 2015).
Early induction of defoliation may help

Fig. 3. Defoliation and budbreak of ‘Natchez’ blackberry grown under subtropical conditions as affected
by defoliants in the 2018–19 season. Leaf and bud photographs were taken at 7 and 19 d after treatment
(DAT), respectively. Treatments are as described in Fig. 1. ZS = zinc sulfate; LS = lime sulfur; KTS =
potassium thiosulfate.
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maximize chill accumulation and thus im-
prove budbreak, especially under inadequate
chilling conditions. In this study, cumulative
chilling hours were 209 and 134 h in the first
and second growing seasons, respectively,
more than 60% of which were recorded after
the application of defoliants. Therefore, the
promotive effect of urea, KTS, and ZS on
budbreak may be due partly to the early
induction of defoliation, which in turn in-
creased chill accumulation required for bud-
break. However, compared with ZS, urea and
KTS promoted budbreak to a greater extent,
suggesting that budbreak induction by urea
and KTS is facilitated not only by defoliation
but also by other mechanisms, such as ele-
vated oxidative stress (Beauvieux et al.,
2018; Maleva et al., 2015) and increased
tissue nitrogen concentration (Singh et al.,
2002; Thitithanakul et al., 2012).

Defoliants improve fruit earliness and
change yield distribution. The most pro-
nounced beneficial effect of these defoliants
was improved fruit earliness. In central Flor-
ida, blackberry harvesting typically starts in
mid-May (Lin and Agehara, 2020a). High
precipitation and warm temperatures during
the late-season harvest (Supplemental Fig. 1)
can adversely affect fruit quality by increasing
disease damage or causing physiological dis-
orders, such as sunscald and red duplet (Edgley
et al., 2019; Lin and Agehara, 2018; McWhirt,
2017a). Therefore, improved fruit earliness by
these defoliants may improve not only early

season yield but also fruit quality and market-
ability by avoiding unfavorable weather con-
ditions. In this study, defoliant treatments
advanced harvesting by up to 1 month (as
early as 1 Apr.) and increased early season
yield by 0.31 to 2.79 t·ha–1, demonstrating the
effectiveness in improving fruit earliness
under inadequate chilling conditions. This im-
proved fruit earliness is due likely to accelera-
ted budbreak. Among the tested chemicals,
budbreak was induced most rapidly by urea,
followed by LS, KTS, and ZS, advancing by
17 to 66 d compared with the control. The
similar pattern was also observed for early
season yield. The high efficacy of urea in
inducing budbreak is also reported in tropical
fruit crops, in which chill accumulation is not
a prerequisite for dormancy release. In sugar
apple, foliar spray of urea at 10% advanced
budbreak by 43 d, flowering by 50 d, and fruit
ripening by 35 d, respectively (Chander et al.,
2019). In cherimoya, foliar spray of urea at
8% advanced budbreak by 3 weeks, flower-
ing by 2 weeks, and fruit ripening by 12 d
(Gonz�alez et al., 2013). Therefore, the pro-
motive effect of urea on budbreak could be
independent of chilling requirements. The
mechanism of budbreak induction by urea
may partly involve increased ROS produc-
tion, which is reported to play an important
role in dormancy release in temperate fruit
crops (Beauvieux et al., 2018). In fact, in-
creased ROS production is considered one of
the modes of action of HC in breaking bud

dormancy (Liang et al., 2019; P�erez et al.,
2008; Sudawan et al., 2016; Tang et al., 2019).

It is interesting to note that, in the first
growing season, ZS increased early season
yield by 0.31 t·ha–1 compared with the con-
trol, although it did not advance the onset of
budbreak. It is possible that ZS may have
promoted budbreak after the measurement
period. However, this possibility does not
apply to our early season yield data, because
1) it typically takes �60 d from budbreak to
fruit ripening in ‘Natchez’ (Lin and Agehara,
2020a), 2) the last budbreak measurement
was performed on 15 Mar., and 3) early
season yield data were collected from 9
Apr. through 30 Apr. Another explanation
is that ZS may promote downstream re-
sponses after budbreak, such as flower and
fruit development. In apple, Zhang et al.
(2016) reported that the combined application
of ZS and urea before budbreak increased the
activities of carbohydrate metabolism-related
enzymes in fruit tissues compared with the
urea treatment. The metabolic changes caused
by zinc may explain the result that ZS im-
proved fruit earliness without promoting bud-
break.

In contrast to early season yield, increases
in total-season yield by defoliants were rela-
tively small and nonsignificant. These results
were due to the change in yield distribution.
In the first growing season, for example, early
season yield in the control and the
urea treatment accounted for 2% and 36%

Table 1. Marketable yield of ‘Natchez’ blackberry grown under subtropical conditions as affected by defoliants in the 2018–19 and 2019–20 seasons.

Marketable yield (t·ha–1)

2018–19z 2019–20y

Treatmentx Early Mid Late Total Early Mid Late Total

Control 0.12 cw 5.30 1.76 a 6.89 0.00 2.32 Bv 1.04 3.36
ZS 0.43 b 7.34 1.64 a 9.26 0.15 2.77 AB 1.05 3.93
Urea 2.91 a 4.17 0.74 ab 7.98 0.29 4.40 AB 1.67 6.28
LS 0.98 ab 7.05 1.28 a 9.31 0.18 4.67 A 1.41 6.22
KTS 2.67 a 2.37 0.26 b 5.20 na na na na
P valueu 0.000 0.079 0.006 0.240 0.239 0.039 0.306 0.031
zEarly, mid-, and late-season yields represented six harvests in April, four harvests in May, and three harvests in June, respectively.
yEarly, mid-, and late-season yields represented five harvests in April, eight harvests in May, and three harvests in June, respectively.
xTreatments are as described in Fig. 1.
wMeans (n = 2–3 in the 2018–19 season; n = 5 in 2019–20 season) in a column followed by the same letter or no letter are not significantly different (Tukey-Kramer
test, P < 0.05).
vMeans in a column followed by the same uppercase letter are not significantly different (Tukey-Kramer test, P < 0.10). Significant differences were not detected
at P < 0.05.
uP values indicate the significance of the treatment effect.
ZS = zinc sulfate; LS = lime sulfur; KTS = potassium thiosulfate; na = not available.

Table 2. Berry size and soluble solids concentration (SSC) of ‘Natchez’ blackberry grown under subtropical conditions as affected by defoliants in the 2018–19
and 2019–20 seasons.

2018–19z 2019–20y

Treatmentx Berry FW (g) Berry length (cm) Berry width (cm) SSC (�Brix) Berry FW (g) Berry length (cm) Berry width (cm) SSC (�Brix)
Control 9.7 2.92 2.33 11.6 8.9 2.71 2.45 9.6
ZS 9.3 2.77 2.35 11.3 8.7 2.74 2.40 10.2
Urea 10.3 3.06 2.35 11.3 8.9 2.72 2.44 10.0
LS 12.3 3.21 2.55 12.1 8.0 2.54 2.38 10.4
KTS 10.4 2.97 2.40 11.0 na na na na
P valuew 0.175 0.401 0.128 0.543 0.151 0.052 0.524 0.272
zData were collected from five peak harvests between 26 Apr. and 4 June 2019.
yData were collected from three peak harvests between 18 May and 2 June 2020.
xTreatments are as described in Fig. 1.
wP values indicate the significance of the treatment effect.
ZS = zinc sulfate; LS = lime sulfur; KTS = potassium thiosulfate; na = not available.
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of total-season yield, respectively. Therefore,
the spray application of defoliants in late
December (the beginning of the winter chill
period at this experiment site) appears to be
an effective strategy to improve fruit earli-
ness, rather than total-season yield.

Practical implications. A single spray
application of urea, LS, or ZS at the begin-
ning of chill accumulation increased early
season yield by 0.31 to 2.79 t·ha–1, compared
with the control (0.12 t·ha–1). Although not
statistically significant, it also increased
total-season yield by 16% to 87%. By con-
trast, KTS is not a suitable defoliant for
blackberry because of its phytotoxicity ef-
fects. The results in this study suggest that
foliar application of urea, LS, or ZS can be an
important adaptation tool for subtropical
blackberry production. These defoliants have
several key features for successful commer-
cial implementation. First, they are all readily
available chemicals: ZS and urea are com-
mon fertilizers, and LS is a fungicide already
registered for use on blackberry. Second, ZS
and urea are relatively inexpensive. On the
basis of the prices at a local major supplier of
agricultural chemicals and the application
method used in this study, the application
costs of ZS and urea are $162 and $165 per
hectare, respectively, of which $35 is for the
adjuvant (Agri-Dex). Third, they have no
negative side effect on fruit development
and quality. Fourth, they have relatively fa-
vorable safety profiles compared with hydro-
gen cyanamide, which is the most widely
used dormancy-breaking agent in some fruit
crops (Ionescu et al., 2016; Olmstead, 2014;
Williamson et al., 2002). Among the three
defoliants, urea appears to be the ideal
chemical option because of its consistent
efficacy, favorable safety profile, and low
application cost.

To maximize the final percentage of bud-
break, dormancy-breaking agents are often
applied when plants accumulate a certain
amount of winter chill (Erez, 1995; Sheard
et al., 2009). Díaz et al. (1987) measured
floral budbreak in apple treated with 10%
urea at different chill accumulation stages in
the lowland of northwestern Mexico (lat.
29�N; elevation 50 m). The final percentage
of budbreak increased from 25% to 80%
by delaying urea application from mid-
December to early January, suggesting that
the efficacy of urea in promoting budbreak
depends on the amount of chill accumulation.
In this study, defoliants were applied at the
beginning of chill accumulation, with the aim
of improving fruit earliness. Future studies
should also investigate the effect of defoliant
application at the end of chill accumulation
or near the natural budbreak stage. Although
delaying defoliant application will likely
lessen its efficacy in improving fruit earli-
ness, it may be more effective in maximizing
budbreak and thus total-season yield. Fur-
thermore, delaying defoliant application
can avoid the risk of freeze damage on
developing flowers. Additional studies are
also needed to optimize the application rate
of the defoliants.

Under climate change scenarios, the
global mean temperature is projected to in-
crease by 1.6 and 6.9 �C by the end of the 21st
century (Betts et al., 2011). In California,
Luedeling et al. (2009) projected that winter
chill could be reduced by 50% to 75% by the
mid-21st century. Therefore, the develop-
ment of dormancy-breaking agents could
help not only establish the subtropical black-
berry industry but also cope with future loss
of winter chill caused by global warming in
the temperate blackberry industry.
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Supplemental Fig. 1. Monthly average temperature and rainfall near the experiment site in Dover, FL, in
the United States from 2010 to 2019. The weather station is located 19 km from the experiment site.

Supplemental Fig. 2. (A) Cane dieback and (B) damage in flower buds caused by potassium thiosulfate.
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