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Introduction
The floral parts of blackberry (Rubus subgenus Rubus 

Watson) plant like that of many other rosaceous fruit crops, 
are especially sensitive to frost just prior to, during, and after 
bloom. For example, fruit production in the Eastern United 
States in the 2007 season was low due to several freezes in 
early April in which minimum air temperatures below 0.0°C 

during the night occurred over a large area. In the Southcen-
tral and Southeastern US where blackberry flower shoots had 
already emerged, nearly all primary buds exhibited oxidative 
browning. The subsequent fruit production was reduced by 
more than one-third and delayed about 4 weeks suggesting 
some flower shoots developed from secondary buds when 
the primary bud had been killed (Warmund et al., 2008). 

Since 2010, commercial blackberry acreage (> 2 ha per 
farm) in the Northern United States from Massachusetts in 
the East to Kansas and Oklahoma in the Central United States 
has increased to ~150 ha with the introduction of the ro-
tating cross-arm trellis and cane training system (Takeda et 
al., 2013) and the application of row cover to improve win-
ter survival of blackberry plants (Takeda et al., 2008). This 
production system has helped to mitigate the effect of se-
vere winter temperatures in these regions where partial to 
full crop losses have been reported to occur 3 out of 4 years. 
However, in these regions, late spring frosts usually damage 
flowers of blackberry plants which bloom typically from mid 
to late May.

Stems usually freeze at warmer, sub-zero temperatures 
than lateral appendages (Quamme, 1995). The ice barrier at 
certain anatomical junctions has been suggested as a possi-
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 Summary
In this study, freezing tolerance of ‘Triple Crown’ 

blackberry flowers at different stages of reproductive 
development (tight bud to green drupe) was deter-
mined.  One method involved placing whole plants in 
a radiation frost chamber and taking plants to -1.0°C, 
-2.0°C, -3.0°C, and -4.0°C for 1 h (total of 8 plants for 
each selected temperature). After freeze treatments, 
all buds, open flowers, and green fruit were evaluat-
ed for damage. Exposure to -1.0°C or -2°C tempera-
tures for 1 h did not injure the corolla, gynoecium 
or androecium. However, damage was observed in 
gynoecium as indicated by tissue discoloration in the 
ovaries, styles and stigmas when blackberry were 
exposed to ≤ 3.0°C for 1 h. An exposure to -4.0°C for 
1 h resulted in the injury of all floral parts.  In the 
second method, thermocouple wires were inserted 
into tight buds, open flowers, and green fruit of pot-
ted blackberry plants and the chamber temperature 
was slowly lowered to -4.0°C on 8 separate runs. The 
thermocouple readings were captured at 5 s intervals 
to characterize the exotherms in tight buds and open 
flowers. In all runs, tight buds and open flowers gen-
erated exotherms between -2.5°C and -2.8°C. These 
findings suggested that flowers at tight-bud stage and 
flowers already at anthesis froze at similar tempera-
tures. In another study, an infrared (IR) thermal im-
aging camera was used to determine ice formation in 
blackberry plants by capturing thermographic imag-
es of plant surfaces at 1 ms intervals. IR thermogra-
phy revealed that ice nucleation was initiated in the 
cane and ice propagated into flower shoots and then 
quickly into several flowers and flower buds. The re-
sults of these studies suggested that the buds at tight 
stage have similar susceptibility to freezing tempera-
tures to those that have already opened. The results 
of this study suggest that we need to reconsider the 
relationship between developmental stages of flow-
er bud, actual tissue and ambient temperatures, and 
susceptibility to spring frost damage in blackberries. 

Keywords
exotherm, freezing chamber, ice barrier, infrared 
thermography, radiation frost, Rubus, thermocouple 

Significance of this study
What is already known on this subject?
• In spring blackberry buds, flowers, and young fruit are 

damaged by sub-freezing temperatures. Previously, 
convection chambers have been used to study frost 
resistance, however, radiation freeze chambers 
provide more realistic simulation of plant response to 
frost conditions.

What are the new findings?
• Exothermic events were recorded in tight buds at 

-2.5°C and in open flowers at -2.8°C. Infrared video 
thermography revealed that ice formation was 
initiated in the cane and spread rapidly to the flower 
shoot and then to individual flower buds. Both flower 
buds and open flowers were killed when exposed 
from -2.5°C to -3°C. Determining the susceptibility of 
blackberry buds and flowers to freezing temperatures 
could be improved with these procedures.

What is the expected impact on horticulture?
• Thermocouple and IR thermography can be used 

to capture freezing events and ice nucleation and 
propagation. These technologies and radiation frost 
chambers will provide a precise visualization of ice 
nucleation and propagation in blackberry plants and 
simulation of natural frost events.
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ble mechanism of freeze avoidance (Wisniewski et al., 1997). 
Barriers to ice propagation have been observed at the base of 
blackberry floral buds in winter (Warmund et al., 1992) and 
the pedicel of fruits in blackcurrant in spring (Carter et al., 
2001). Carter et al. (2001) observed that ice formation and 
movement in stems and flowers of blackcurrant occurred in 
discrete steps, separated by time and temperature, and the 
range of temperature over which flowers in a single inflores-
cence froze could be as much as 4°C.

Spring temperatures at which crop injury occurs have 
been studied in other horticultural crops such as strawber-
ry (Fragaria) (Bryce and Marini, 1978; Woo and Warmund, 
1992), grape (Vitis) (Poling, 2008), bean (Vigna) (Wisniews-
ki et al., 1997), and blueberry (Vaccinium) (Rowland et al., 
2013), but little is known about critical temperature ranges 
impacting the survival of blackberry flower buds following 
budbreak. Vincent and Garcia (2011) and Warmund et al. 
(2008) reported that in several commercial blackberries, all 
open flower buds were killed when exposed to -5.0°C and all 
new growth from buds on the floricanes was necrotic when 
the temperature dropped to -7.3°C. In these studies, ambient 
temperatures were recorded, but no information was pro-
vided on flower tissue temperatures. In most frost resistance 
studies plants have been cooled in conduction or convection 
chambers (Spiers, 1978).

According to Fuller and Le Grice (1998), conduction or 
convection chambers do not reproduce radiation frost events 
and ice crystal growth. Consequently, the test would not be 
a true reflection of radiation frost as occurs in the field and 
may not give a correct indication of plant survival. Fuller and 
Le Grice (1998) described a freezing chamber design based 
on radiative cooling which mimics overnight radiative freez-
ing. It has unique design features such as the radiative cool-
ing plate at the top of the chamber which acts as a cold black 
body. The sides of the chamber could be cooled to variable 
temperatures in order to prevent the chamber wall radiating 
to the plant material during testing. Thermocouple measure-
ments showed that air and plant temperatures simulated the 
radiative cooling conditions found during spring.

There are several methods to resolving where a freezing 
event is initiated and how ice formation propagates through 
the plant. Freeze injury can be determined with a simple vi-
sual inspection. Thermocouples, which rely on the detection 
of the heat of fusion as water changes from a liquid to a solid 
state, are used to determine the occurrence of ice nucleation. 

Recently, high-resolution infrared thermography has become 
available to study the freezing process, rates of ice propaga-
tion, and the effects of plant structure on the freezing process 
(Wisniewski et al., 2008). A thermographic camera detects 
radiation in the infrared range. This imaging allows re-
searchers to visualize variations in surface temperature and 
the pattern of freezing in plants.

The objective of this study was to use a freezing cham-
ber based on radiative cooling designed to mimic overnight 
radiative freezing for determining the susceptibility of black-
berry flower buds and flowers and record exothermic events 
and spread of ice formation within tissues when blackberry 
plants were exposed to sub-freezing temperatures. 

Materials and methods
Freezing studies were performed from April to June in 

2012, 2013, and 2014 at the Appalachian Fruit Research Sta-
tion, Kearneysville, WV, USA.

Plant material 
In all three years, potted long-cane plants of ‘Triple 

Crown’ produced by the process previously described by 
Takeda and Soria (2011) were used. Prior to freezing tests, 
the long-cane plants were laid on their side for about 6 
weeks to promote all flower shoots to develop upward (Fig-
ure 1). All plants used in this study had at least 10 flower 
shoots with reproductive organs at various stages of floral 
and fruit development.

Radiation chamber and whole plant freezing method
Radiative freezing was conducted in a custom-built ra-

diation freezing chamber (Figure 1) with no air movement 
(Fuller and Le Grice, 1998). An insulated chamber (1.2 m 
wide x 2.4 m long x 2.1 m high) was constructed. It was 
chilled by ethylene glycol coolant passing through 59 m of 
finned residential heating/cooling coils located 1.5 m above 
the chamber floor. The coolant temperature was controlled 
with a refrigerated recirculation bath (Model 1179MD; VWR, 
Radnor, PA). The chamber temperature was monitored with 
thermocouples placed in the center of the chamber at heights 
of 10, 50, and 100 cm. 

The afternoon before treatment, three to four 1.5-m long-
cane plants were moved into the chamber and laid sideways 
with canes positioned about 30 cm from the floor so that the 
inflorescences (flower shoots) were all upright and at similar 
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Figures 
 
Fig. 1 
 
 
 

 
 
 
 
 
 
FIGURE 1.  Schematic drawing of the radiative frost chamber with the cooling plates located at the top of the cham-
ber. All six panels of the chamber were well insulated. The chamber was accessed through two front opening doors 
and internal walls were silvered to minimize radiative exchanges (Fuller and Le Grice, 1998). Potted long-cane 
plants with all flower shoots oriented upward were placed horizontally and slightly above the floor. A datalogger 
recorded temperature outputs from copper-constantan thermocouples placed at different heights and within 
flower buds. 
 
 
 
  

Figure 1.  Schematic drawing of the radiative 
frost chamber with the cooling plates located 
at the top of the chamber. All six panels of the 
chamber were well insulated. The chamber 
was accessed through two front opening 
doors and internal walls were silvered to 
minimize radiative exchanges (Fuller and Le 
Grice, 1998). Potted long-cane plants with all 
flower shoots oriented upward were placed 
horizontally and slightly above the floor. A 
datalogger recorded temperature outputs 
from copper-constantan thermocouples 
placed at different heights and within flower 
buds.
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Fig. 2. 
 
 
 

 

 
 
 
 
FIGURE	2.  A close-up of the blackberry flower shoot. Flower shoots emerge from axillary buds on the floricane. 
The floricane (A) is located at the upper left hand corner. Shown here is a flower shoot (B) terminating in an 
inflorescence with seven flowers. Thermocouple wires (C) were inserted into several flowers. Note that there is a 
flower (D) still at the pre-anthesis stage (e.g., flower bud with its petals not fully reflexed) to flowers with all its 
petals detached (E). 
 
 
 
 
  

heights to minimize variation in exposure temperatures (Fig-
ure 1). Thermocouples (0.5-mm-diameter) were also placed 
into the receptacle of three buds and three flowers (Figure 2). 
Control plants (unfrozen) were held in a separate cold room 
maintained at 4°C. The temperature of the radiation frost 
chamber was gradually lowered to 1°C in 16- to 18-h period 
and the plants were misted with deionized water to induce 
ice nucleation. At 8:00 am the temperature in the chamber 
was lowered at the rate of 1°C h-1 to -5°C. One plant was re-
moved at about 1.0°C intervals in flower temperature from 
-1.0 to -4.0°C and transferred to a room maintained at 4°C for 
2 h. Frozen as well as control plants were then transferred to 
a greenhouse maintained at 15°C for 24 h before evaluating 
for freeze damage. Each year, 4 plants were exposed to each 
of the 5 selected temperatures.

An infrared thermal imaging camera (Model A40 Ther-
moVision, FLIR, Wilsonville, OR) was used to observe plant’s 
response to exposure to subzero temperatures in order to 
determine the temperature and location of ice nucleation 
and the freezing pattern of plants and plant parts, as pre-
viously described by Wisniewski et al. (2008, 2014, 2015). 
In addition, differential thermal analysis (DTA) was carried 
out to determine the occurrence of exotherms in flower buds 
and flowers upon freezing of whole plants (Ashworth et al., 
1983).

Evaluation of freeze damage
After freezing, 20 reproductive units at each of selected 

developmental stages (e.g., tight bud, expanded with pet-
als visible, petals fully reflexed, detached petals, and green 
drupe) were examined on each plant. Samples were then 
sliced longitudinally under a dissecting microscope. Damage 
to seven floral organs (corolla, anther, anther filament, style, 
exterior ovary, interior ovary, ovule, and receptacle) was re-
corded. Damage was noted as not or visibly damaged. The 
percentage of samples showing no damage was calculated 
for each stage of flower/fruit organs exposed to 4°C, -1°C, 
-2°C, -3°C, and -4°C. The viability data were used in a mod-
ified Spearman-Karber equation (Bittenbender and Howell, 
1974) to calculate T50 values.

Results
As stated previously, the goals of this project were to 

determine variability in frost susceptibility of flowers (tight 
and open) and green fruit of blackberry and among floral or-
gans, and freezing patterns in blackberry canes with flower 

shoots. The frost susceptibility of ‘Triple Crown’ blackberry 
floral organs was determined using a “whole plant” method 
in a radiation freeze chamber (Figure 1). The ability to con-
duct DTA with thermocouples on numerous buds simultane-
ously facilitated the comparison between injury observed in 
viability tests and exotherms measured with DTA.

Detection of exotherm
Cooling curves of chamber air temperature and those 

of internal temperatures of tight buds and open flowers are 
shown in Figure 3. Temperature measurements recorded at 
5-s intervals from thermocouples inserted into flowers and 
buds making possible to detect exotherms (e.g., a rise of 
> 0.4°C) in flower tissue temperatures over a time span of a 
few minutes (Figure 3).
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Fig.	3.	
	
	
	
	

 

	
	
	
FIGURE	3.		Temperature	profile	obtained	in	the	radiative	frost	chamber	starting	at	7:00	am.		Air	temperature	was	
gradually	lowered	at	~4°C	hr-1	to	1°C	when	plants	were	misted	with	deionized	water	at	11:00	am.	The	chamber	
temperature	was	then	lowered	at	~1°C	hr-1	to	-4°C.	Note	the	exothermic	event	was	detected	by	the	thermocouples	
inserted	in	the	buds	(red	and	gray	lines)	at	~1:30	pm,	as	indicated	by	a	sudden	rise	of	~0.5°C	in	bud	temperatures	
while	air	temperature	continued	to	drop.	The	internal	bud	temperature	(red	and	gray	lines)	was	~1.0°C	higher	
than	the	surrounding	air	(blue	line)	for	more	than	1	hr.	In	this	run,	the	cooling	system	was	turned	off	at	3:15	pm	
and	the	door	opened.	Note	the	gradual	rise	in	air	(blue	line)	and	bud	temperatures	after	3:30	pm	and,	in	particular,	
a	slight	lag	in	the	temperature	rise	within	the	flower	buds	(red	and	gray	lines)	for	about	2	h.	
	
	
	
	
	
  

Figure 2.  A close-up of the blackberry flower shoot. 
Flower shoots emerge from axillary buds on the flori-
cane. The floricane (A) is located at the upper left 
hand corner. Shown here is a flower shoot (B) termi-
nating in an inflorescence with seven flowers. Ther-
mocouple wires (C) were inserted into several flow-
ers. Note that there is a flower (D) still at the 
pre-anthesis stage (e.g., flower bud with its petals 
not fully reflexed) to flowers with all its petals de-
tached (E).

Figure 3.  Temperature profile obtained in the radiative 
frost chamber starting at 7:00 am.  Air temperature was 
gradually lowered at ~4°C h-1 to 1°C when plants were mist-
ed with deionized water at 11:00 am. The chamber tempera-
ture was then lowered at ~1°C h-1 to -4°C. Note the exother-
mic event was detected by the thermocouples inserted in the 
buds (red and gray lines) at ~1:30 pm, as indicated by a sud-
den rise of ~0.5°C in bud temperatures while air tempera-
ture continued to drop. The internal bud temperature (red 
and gray lines) was ~1.0°C higher than the surrounding air 
(blue line) for more than 1 h. In this run, the cooling system 
was turned off at 3:15 pm and the door opened. Note the 
gradual rise in air (blue line) and bud temperatures after 
3:30 pm and, in particular, a slight lag in the temperature rise 
within the flower buds (red and gray lines) for about 2 h.
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An example of temperature profile of open flowers and 
tight buds are shown in Figure 4. Exothermic events in repro-
ductive organs at two distinct floral developmental stages 
(e.g., tight bud and open flower) occurred between -2.5°C to 
-2.8°C, a narrow range of temperatures. Also, it was repeat-
edly observed that flowers still at the tight bud stage (n = 20) 
froze about 0.3 ± 0.1°C higher compared to flowers that had 
reached anthesis or post-anthesis stage. This suggests that it 
is unlikely that an ice barrier was active at the juncture of the 
receptacle and the pedicel of buds as was the case in buds 
sampled mid-winter (Warmund et al., 1992).

Infrared thermography
Infrared thermography (Figure 5) revealed additional in-

formation about freezing in blackberry plants and supports 
the data that had been accumulated with thermocouples. 
The images from the thermographic video recording showed 
that freezing in long-cane plants was initiated in the canes 
and then ice nucleation propagated into individual flower 
shoots and then into flower buds and open flowers. The en-
tire process of water freezing in the cane and ice propagat-
ing into individual flower buds and flowers took less than 1 
min measured from the time ice formation was detected in 
a section of the floricane ~20 cm from the juncture of the 
floricane and spread into several flowers on the 20-cm-long 
flower shoot. IR imaging clearly revealed that once ice for-
mation had reached the flower shoot the freezing of several 
buds and flowers occurred essentially at the same time.

Tissue viability
The controlled freezing tests followed by assessment of 

individual floral parts for oxidative browning showed little 
or no tissue browning developed when flower buds, open 
flowers (n = 80) and green/red fruit (n = 80) were exposed to 
4, -1, or -2°C (data not shown). However, injury was observed 
in floral parts of all buds and flowers after they were exposed 
to -3 and -4°C. All samples from tight bud stage to green and 
red fruit (n = 80 for each development stage) were complete-
ly brown after exposure to -4°C for one hour. In the case of 
the corolla, damage was apparent as either a water-soaked 
or necrotic appearance (oxidative browning). Our findings 
showed that injury of floral parts developed at temperatures 
between -2.5°C and -3.0°C. The damage occurred first in the 
gynoecium (the ovules, followed by injuries in the ovaries 
and styles) (Figure 6). The damage spread to the vascular 
tissues in the receptacle, the entire receptacle and then to 
the corolla and the androecium (anther sacs and anther fil-
aments).

Discussion
Previous studies on spring frost injury conducted in small 

fruit crops (Carter et al., 2001; Spiers, 1978; Vincent and Gar-
cia, 2011) reported that bud development stage impacted its 
sensitivity to low temperatures. In those studies, it was re-
ported that flowers at more advanced stages of development 
were more sensitive to frost injury than earlier stages of de-
velopment and pistils become increasingly vulnerable to low 
temperatures as they develop. Vincent and Garcia (2011) 
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Fig.	4.	
	
	
	
	

 
	
	
	
FIGURE	4.		Temperature	profiles	of	chamber	air	and	receptacles	of	opened	flower	(insert	at	the	lower	left-hand	
corner	and	a	flower	bud	still	at	tight-bud	stage	(insert	at	the	upper	right-hand	corner).	Note	the	small	temperature	
variability	among	the	buds.	In	the	two	inserted	images	the	red	arrow	indicates	the	location	of	the	thermocouple	
junction.	An	exotherm,	as	indicated	by	a	sharp	rise	in	tissue	temperatures	compared	to	the	air	temperature	(blue	
line),	was	captured	by	the	data-logger	at	2:15	am	in	both	flower-bud	developmental	stages	represented	by	six	
lines	(e.g.,	for	three	flower	buds	at	tight-bud	stage	and	for	three	opened	flowers.	The	temperature	of	three	tight	
buds,	which	were	tightly	enclosed	by	sepals	and	petals,	lagged	behind	that	of	the	receptacle	of	three	opened	flow-
ers,	both	prior	to	and	after	the	exothermic	event.	Note	the	exothermic	event	in	the	bud	occurred	at	a	higher	tem-
peratures	than	in	the	opened	flower.	
	
	
	
  

Figure 4.  Temperature profiles of chamber air and recepta-
cles of opened flower (insert at the lower left-hand corner 
and a flower bud still at tight-bud stage (insert at the upper 
right-hand corner). Note the small temperature variability 
among the buds. In the two inserted images the red arrow 
indicates the location of the thermocouple junction. An exo-
therm, as indicated by a sharp rise in tissue temperatures 
compared to the air temperature (blue line), was captured by 
the data-logger at 2:15 am in both flower-bud developmental 
stages represented by six lines (e.g., for three flower buds at 
tight-bud stage and for three opened flowers. The tempera-
ture of three tight buds, which were tightly enclosed by se-
pals and petals, lagged behind that of the receptacle of three 
opened flowers, both prior to and after the exothermic event. 
Note the exothermic event in the bud occurred at a higher 
temperatures than in the opened flower.
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Fig.	6.	
	
	
	
	
	
	

 
	
	
 
 
 
FIGURE 6.		Progression	of	injury	in	blackberry	buds	and	flowers	exposed	to	freezing	temperatures	in	a	radiation	
frost	chamber.	Left:	Partially	dissected	blackberry	flower.	Freeze	injury	(necrotic	tissue)	occurred	in	the	ovules	
(arrows).	Note	the	petals,	anthers,	filaments,	stigmas	and	styles	show	no	damage.	Dashed	lines	point	to	undam-
aged	ovules.	Right:	Freeze	damage	has	progressed	to	the	entire	gynoecium	in	the	center	of	the	bud,	however,	the	
corolla	and	the	androecium	that	are	surrounding	the	gynoecium	are	not	damaged.	
	
	
	
	

Figure 6.  Progression of injury in 
blackberry buds and flowers exposed 
to freezing temperatures in a radia-
tion frost chamber. Left: Partially dis-
sected blackberry flower. Freeze inju-
ry (necrotic tissue) occurred in the 
ovules (arrows). Note the petals, an-
thers, filaments, stigmas and styles 
show no damage. Dashed lines point 
to undamaged ovules. Right: Freeze 
damage has progressed to the entire 
gynoecium in the center of the bud, 
however, the corolla and the androe-
cium that are surrounding the gynoe-
cium are not damaged.
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Fig.	5	
	

	

	

	

	

	
	
	
	
	
Pictures	1-16		(PDF	en	PNG)	
	

Figure 5.  The site of ice formation and avenue of ice propagation into flowers in a blackberry plant using high resolution in-
frared thermography are illustrated with 16 images (e.g., each captured with 1 millisecond exposure) of a flower shoot and 
subtending cane as shown in Figure 2 and the freezing run profiled in Figure 3. The first 3 images (1/16, 2/16, and 3/16) show 
the cooling of plant surfaces (e.g., darkening) as the chamber temperature is lowered. The initial ice formation is observed in 
the section of the floricane (arrow, upper left corner) about 10 cm from a flower shoot (image 4/16, time stamped 14:02:26 
h). In another 10 sec (images 5/16 and 6/16), ice formation has spread along the cane to the right and probably beyond the 
node (*) with the flower shoot (image 5/16). Twenty seconds later the ice formation is spreading up the flower shoot as indi-
cated with an arrow (images 6/16, stamped 14:03:26 h). About 20 seconds later an exothermic event (arrow) is recorded in 
one of the flowers (image 7/16). In another 10 seconds, two additional exothermic events occur in two small, but distinct ar-
eas (arrows) which correspond to one or two flowers (image 8/16). The remaining 8 images show the surface temperatures 
of flowers remain warmer than the surrounding air and background surfaces for another 50 minutes. Interestingly, the first 
flower(s) to exhibit an exotherm as shown in image 7/16 is the first to cool to the temperature of the surrounding air (image 
14/16 and 15/16). At 14:54 h, note all heat from the heat of fusion has been dissipated.
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reported that in flower clusters of primocane-fruiting black-
berries, bud mortality was higher in flowers at the “popcorn” 
stage than those still at tight-bud stage after a spring frost in 
which ambient temperatures reached -5°C.

The results of this study based on infrared thermography, 
thermocouples, and visual inspection are not in agreement 
with previous studies. Our studies conducted in a controlled 
temperature radiation frost chamber suggest that freezing 
of reproductive organs in blackberries from tight-bud to 
green fruit development stage occurs over a narrow range 
of temperatures. In fact, freezing in open flowers and tight 
buds occurred within a 0.3 ± 0.1°C range.  This implies that 
it is unlikely that reproductive organs at tight bud stage are 
more resistant to freeze damage than those of more devel-
oped flower buds. Also, the evidence presented here shows 
that buds and flowers in a single inflorescence freeze over 
a narrow temperature range and spread of ice nucleation 
in the cane and into flowers at the same rate (1 cm s-1). It 
appears that in the case of blackberry plants, the barrier to 
movement of ice was absent or had become inactive at the 
junction of cane (e.g., woody tissue) and flower shoots or 
buds (e.g., herbaceous tissue) after bud emergence. Once ice 
nucleation is initiated within a flower cluster, ice propagates 
quickly to other flowers and buds.

Factors related to the genotype, the stage of develop-
ment, the formation of ice and biological status of the repro-
ductive organ have been suggested to play a part in the vul-
nerability or resistance of flowers to spring frosts (Woo and 
Warmund, 1992). Also, it  has been suggested that both the 
capacity of flowers to supercool at bloom, as well as flower 
bud density, presence of leaves subtending the reproductive 
appendages, appear to affect frost tolerance or the actual 
temperatures of these plant parts (Olney, 1958). After spring 
frost events, greater freeze injury was observed in open flow-
ers than in buds still at tight-bud stage on plants growing 
outdoors (Vincent and Garcia, 2011; Warmund et al., 2008). 
We hypothesize that in most cases, this may be due to the dif-
ferences in tissue temperatures among flowers at the perim-
eter and interior of plant canopy. Flowers in the interior and 
less mature buds are more likely to be surrounded by leaves 
which could buffer individual buds from temperature chang-
es. Our study showed that the temperature of open flowers 
closely mimicked that of surrounding air temperature while 
the temperature of tight buds lagged by about 0.3°C and 15 
minutes during both cooling and warming phases. In buds at 
tight-bud stage, the reproductive organs are tightly wrapped 
within the perianth [still fused sepals and layers of unfolded 
corolla (petals)], and subtend the larger, open flowers (Take-
da, 1988). Thus, the insulation provided by the perianth of 
individual flowers and perhaps by nearby leaves may delay 
temperatures reaching the lethal range and allow buds at 
tight-bud stage to escape exposure to killing temperatures 
during spring frost events. 

Losses from spring frosts is a vital concern in horticul-
ture (Janick, 1979), including blackberry production. Spring 
frost risks can be reduced by proper site selection and plant 
material, by adequate method of freeze protection, or by de-
laying bloom. The increase of more than 600% in blackber-
ry sales in the US in the last 15 years has contributed to the 
expansion of blackberries into Northcentral region of the US 
where severe winter conditions and spring frosts are prev-
alent. In these areas, protecting plants from spring frosts as 
well as from extremely low, mid-winter temperatures is a vi-
tal concern.

Conclusion
A combination of freeze injury assay, thermographic 

techniques and controlled radiation frost chamber was used 
to characterize freeze injury and events in blackberry repro-
ductive organs and canes. The findings of this study have 
provided critical temperature ranges impacting the surviv-
al of blackberry flower buds following budbreak. Infrared 
thermography clearly showed that the freeze events or ice 
formation (rise in tissue temperatures relative to the back-
ground) occurred first in the cane (extra- or intra-cellular or 
both) and then propagated quickly into inflorescences and 
then to individual flower buds. Within an inflorescence, flow-
er buds, whether still at tight-bud stage or already opened, 
froze at similar tissue temperatures. Thermocouple record-
ings showed that temperatures of tight buds lagged and re-
mained higher than those of open flowers during the entire 
freezing test. The differential thermal analysis showed that 
the exotherm was generated at about the same time in buds 
and flowers although their temperatures differed by 0.3°C. 
Freeze injury or discoloration of the affected tissues devel-
oped in flowers whether they were at tight-bud or opened 
stage when temperatures reached between -2.5°C and -3.0°C. 
The results of this study suggest that we need to reconsid-
er the relationship between developmental stages of flower 
bud, actual tissue and ambient temperatures, and suscepti-
bility to spring frost damage in blackberries.
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