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Abstract
‘Cresthaven’ budwood was collected from Biglerville, PA on 13 Jan., 24 Feb., and 16 Nov. 2020 and 11 Jan., 1 
Mar., and 15 Nov. 2021 for controlled freezing tests to evaluate the relative cold tolerance of peach flower buds 
on eight Prunus rootstocks in the 2017 NC-140 trial. Fruit yield was also recorded annually to determine if crop 
load affected the low temperature survival of fruit buds in the successive dormant period. Size-controlling root-
stocks evaluated were ‘Controller™ 6, 7 and 8’, ‘MP-29’, and ‘Rootpac® 20’ and 40’, as well as two seedling 
rootstocks, Lovell and Guardian® Brand ‘BY520-9’. In January 2020, T50 values (temperature at which 50% of 
flower buds are killed) of Lovell trees were ≥ 2.7 °C lower than those of all other rootstocks, except for ‘MP-29’, 
‘Controller™ 6’, and ‘Controller™ 7’. However, in January 2021, only buds of Guardian® trees were less cold-
tolerant than those on Lovell. In February 2020, none of the flower buds on any rootstock had T50 values lower 
than those from Lovell trees. Also, flower buds from Lovell trees were 4.4 °C hardier than those of Guardian® 
trees collected on 1 Mar. 2021. Flower buds from trees on all rootstocks had similar T50 values when tested in 
November 2020 or 2021. Annual fruit yield varied by rootstock in the first two years of bearing, but by the third 
year, the annual yield was similar among all rootstocks, except ‘MP 29’. Based on the early results of this trial, no 
rootstock was superior to Lovell in cold tolerance with high fruit yield at this site.
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  Peach production in the United States 
(U.S.) was 566,847 t  with a value of $521 
million in 2020  (Agriculture Marketing Re-
source Center 2021). Although the value of 
the crop has increased, the number of hect-
ares in production has decreased from 37,583 
in 2016 to 29,543 in 2020 in the U.S. due to 
several factors (Lesmes-Vesga 2022; US 
Department of Agriculture, National Agri-
cultural Statistics Service 2021). Highly pro-
ductive trees of improved cultivars, the use 
of dwarfing rootstocks, and the adoption of 
intensive cultural practices have led to trees 
planted at close spacings that are yield ef-
ficient (Anthony and Minas 2021). Despite 
these advances, biotic and abiotic factors, 
such as poor tolerance to peach tree short life 

and other diseases, insect pests and nema-
todes, high pH soils, and tree loss during er-
ratic weather events, limit production. 
  Several NC-140 Regional Project trials 
have been conducted to evaluate rootstock 
performance for efficient peach produc-
tion and improved tolerance to stress, us-
ing sustainable practices on diverse sites 
across North America since 1984 (Marini 
2021; Reighard and NC-140 collaborators, 
in press).  Rootstocks tested in the trials in-
cluded genotypes from many Prunus species, 
including P. americana, P. cerasifera, P. da-
vidiana, P. domestica, P. dulcis, P. mume, P. 
persica, P. tomentosa, P. umbellata, and P. 
salicina. Seedling rootstocks, often used as a 
standard of comparison, as well as clonally-
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propagated genotypes, including interspecif-
ic hybrids, were evaluated in long-term NC-
140 trials. Results from these peach studies 
demonstrated that Lovell rootstock generally 
had greater tree survival and large cumula-
tive yield compared with other rootstocks 
evaluated (Johnson et al. 2011; Perry et al. 
2000; Reighard et al. 2004, 2011, 2020). 
  In addition to the multi-location NC-140 
studies, several ancillary studies have been 
conducted to evaluate low-temperature sur-
vival of overwintering peach flower buds on 
trees of selected rootstocks, which is a major 
factor limiting crop production (Brown and 
Cummins 1988; Davis 2013; Durner 1990; 
Warmund et al. 2002; Warmund and Slater 
1988). In addition to the aforementioned 
studies, others have evaluated peach flower 
bud survival as affected by the scion cultivar 
and/or the rootstock (Harber et al. 1992; Liu 
2017; Smith et al. 1994; Szalay et al. 2010; 
Sterle and Minas 2021). ‘Redhaven’ and 
‘Cresthaven’ flower buds are considered win-
ter hardy in the U.S. hardiness zones 6a and 
6b, whereas ‘Piroska’ buds are more cold- 
tolerant than ‘Redhaven’ in Hungary (Sterle 
and Minas 2021; Szalay et al. 2010; War-
mund et al. 2002). However, many site fac-
tors, including tree health, management prac-
tices, and climatic factors influence peach 
flower bud hardiness (Brown and Cummins 
1988; Durner and Gianfagna 1988; Warmund 
et al. 2002).
  Previous work conducted at two locations 
in Virginia demonstrated that the previous 
season’s crop density adversely affected the 
survival of swollen flower buds on ‘Crest-
haven’/Lovell trees when assessed two days 
following exposure to sub-freezing tem-
peratures in early spring (Byers and Marini 
1994). Based on these findings, the purpose 
of our study was to evaluate the relative 
cold hardiness of  ‘Cresthaven’ flower buds 
on rootstocks included in the 2017 NC-140 
regional rootstock trial at three dates during 
dormancy and to determine if fruit yield in 
the growing season preceding each freezing 
test influenced flower bud survival.

Materials and Methods
  Field trial. A peach rootstock trial was 
planted at the Penn State Fruit Research and 
Extension Center, Biglerville, PA, USA (lat. 
39°934643°N, long.  77°255197° W, elevation 
220 m) on 27 Apr 2017 with ‘Cresthaven’ as 
the scion cultivar budded onto eight root-
stocks, according to guidelines established 
by the NC-140 Pome and Stone Fruit Re-
search committee (Table 1). Size-controlling 
rootstocks evaluated in this trial included 
‘Controller™ 6’, 7’, and 8’, ‘MP-29’, and 
‘Rootpac® 20 and 40’, as well as two seed-
ling rootstocks, Lovell and Guardian® Brand 
‘BY520-9’. Trees were spaced at 1.8 m x 5.5 
m and trained to a perpendicular V system 
with four trees of each rootstock in each 
replication, except for ‘MP-29’ and ‘Root-
pac® 40’, which were limited to three trees 
per replicate due to the shortage of trees. 
Five replications of ‘Controller™ 6’, 7 and 
8’, ‘Rootpac® 20’,  Lovell, and Guardian®  
rootstock, and four replications of  ‘MP-29’ 
and ‘Rootpac® 40’ were arranged in a ran-
domized complete block design with the 
fifth block lacking the latter two rootstocks. 
In spring 2020, each tree was thinned to a 
crop density of two fruit/cm 2 of trunk cross-
sectional area. Fertilization, irrigation, and 
pest management followed local guidelines 
(Crassweller et al., 2020). All trees of each 
rootstock in each replication were harvest-
ed annually in 2019 to 2022 and total fruit 
weight for each harvested tree was recorded. 
Only fruit ≥ 5.7 cm-diameter were included 
in total fruit weights.
  Freezing tests. Tissue for the freezing tests 
was collected on 13 Jan., 24 Feb., and 16 
Nov. 2020, and 11 Jan., 1 Mar. and 15 Nov. 
2021. Sampling dates were selected to as-
sess floral bud hardiness during mid-winter, 
just before bud swell in late winter, and in 
the fall as buds were acclimating to low tem-
peratures. For each sampling date, budwood 
was collected from all trees per plot in each 
replication in the trial. Six cuttings, consist-
ing of five nodes each, were collected from 
the middle portion of one-year-old wood on 
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each tree at approximately 1.5 m above the 
soil surface. Samples were then placed in 
sealed polyethylene bags, packed in a cooler 
containing frozen gel packages, and sent by 
overnight mail to the University of Missouri-
Columbia, where freezing tests were con-
ducted. 
  Immediately after delivery, a cutting 
from each rootstock was placed in moist 
cheesecloth and wrapped in aluminum foil 
for each of six test temperatures, including 
an unfrozen control. A 0.01-mm-diameter 
copper-constantan thermocouple was placed 
in contact with a bud of one sample of each 
test temperature to monitor tissue tempera-
ture and thermocouple output was read with 
a digital thermometer (Omega Engineer-
ing, Inc., Stamford, CT). Samples were then 
placed in a programmable freezer (Tenney 
Benchmaster; Tenney Engineering, Union, 
NJ) at -2 °C for one hour before cooling at 
3 °C/h. The cheesecloth froze and seeded the 
tissue with ice at about -1 °C. Samples were 
removed from the freezer at 3 °C intervals, 
using a range of temperatures (-9 to -24 °C) 
likely to produce tissue injury (Warmund et 
al., 2002). After removal from the freezing 
chamber, samples were thawed at 4 °C for 
24 h and placed at 21 °C for 5 d before flo-
ral bud evaluation. Unfrozen controls were 
maintained at 4 °C during the freezing test 
and then transferred to 21 °C at the same time 
as samples exposed to sub-freezing tempera-
tures were placed at the latter temperature. 
To assess floral bud survival, 5 buds per 
twig were sectioned with a razor blade and 
examined for oxidative browning under a 
dissecting microscope at 40X magnification 
The numbers of injured and uninjured floral 
primordia were recorded and the modified 
Spearman-Karber equation was used to cal-
culate T50 values for buds at each sampling 
date (Bittenbender and Howell, 1974).
  Statistical analyses. Yield data for each 
year were subjected to an analysis of vari-
ance (ANOVA) using PROC GLIMMIX in 
SAS (SAS Institute, Cary, NC). Means were 
separated using Fisher’s protected least sig-

nificant test (P ≤ 0.05). For the freezing tests, 
the experiment was also a randomized com-
plete block design and T50 values for each 
collection date were subjected to an analysis 
of variance using PROC GLIMMIX. Means 
were separated using Fisher’s protected least 
significant test (P ≤ 0.05). Next, fruit yield 
per tree was used in the statistical model as 
the covariate to determine if floral bud sur-
vival at each collection date was affected by 
fruit yield in the preceding growing season.

Results 
  Air temperatures. Biglerville PA is within 
USDA Plant hardiness zone 6b, which has 
an average minimum temp of -20.6 to -17.8 
°C. In the 10-d period preceding the 13 Jan. 
2020 collection of peach twigs, minimum 
daily temperatures were unseasonably warm, 
ranging from -10 to 5 °C (Fig. 1). The low-
est temperature of the dormant period (-13 
°C) was not recorded until 15 Feb. 2020 and 
subsequent minimum daily air temperatures 
were relatively cold, ranging from -8 to 2 
°C until the 24 Feb. sampling date. Sub-zero 
temperatures were not recorded before the 
11 Nov. 2020 collection of budwood and the 
lowest minimum daily temperature in the 
10-d period preceding this date was 2° C. 
Total precipitation in the 10-d periods before 
the January, February, and November 2020 
tests was 2.9, 0. 1, and 2.9 cm, respectively.
In early Jan. 2021, minimum daily tempera-
tures preceding the freezing test ranged from 
-3.2 to 2 °C (Fig. 2). The lowest temperature 
(-10°C) of the dormant season was recorded 
on 8 Feb. 2021. In the 10-d period preceding 
the February collection date, the maximum 
daily temperatures were usually above freez-
ing and the minimum daily temperatures 
ranged from -7 to 3 °C. Sub-zero minimum 
daily temperatures were recorded in the 10-d 
period before the November collection date, 
but the maximum temperature reached 7 °C 
the day before sampling the budwood. Total 
precipitation in the 10-d periods before the 
January, February, and November 2021 tests 
were 1.0, 2. 1, and 3.6 cm, respectively.
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  Floral bud cold hardiness. In Jan. 2020, 
flower buds of trees on Lovell rootstock had 
lower T50 values than those of trees on all 
other rootstocks, except ‘MP-29’, ‘Control-

402 
Figure 1. Minimum and maximum daily air temperatures and precipitation for the 10-day 403 
period preceding the January, February, and November sample collection dates in 2020.  404 
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Figure 2. Minimum and maximum daily air temperatures and precipitation for the 10-day 406 
period preceding the January, March, and November sample collection dates in 2021.  407 
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Figure 1. Minimum and maximum daily air temperatures and precipitation for the 10-day period preceding 
the January, February, and November sample collection dates in 2020.

Figure 2. Minimum and maximum daily air temperatures and precipitation for the 10-day period preceding 
the January, March, and November sample collection dates in 2021.

ler™ 7’, and Controller™ 6’ (Table 2). At the 
late February collection date, T50 values of 
flower buds from trees on Lovell rootstock 
were 2.1 to 4.3 °C lower than those from 
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Table 1. Genetic and regional origin of rootstocks included in the NC-140 trial at Biglerville, PA.

Rootstock   				    Genetic and regional origin of rootstock

Controller™ 6 	 clonal rootstock from an open-pollinated plant originating from 
Prunus persica ‘Harrow Blood’ × P. persica ‘Okinawa’ in 1994, 
tested as 94-94-27 and HBOK 27, and released from the University 
of California Rootstock Breeding Program in 2012 (Foundation 
Plant Services 2022c)

Controller™ 7	 clonal rootstock from an open-pollinated plant originating from 
Prunus persica ‘Harrow Blood’ × P. persica ‘Okinawa’ in 1994, 
tested as 94-94-32 and HBOK 32, and released from the University 
of California Rootstock Breeding Program in 2010 (Foundation 
Plant Services 2022a)

Controller™  8	 clonal rootstock from an open-pollinated plant originating from 
Prunus persica ‘Harrow Blood’ × P. persica ‘Okinawa’ in 1994, 
tested as 94-94-10 and HBOK 10, and released from the University 
of California Rootstock Breeding Program in 2010 (Foundation 
Plant Services 2022b)

Guardian® Brand BY520-9	 peach seedling derived from 69 open-pollinated selections from 
B594520-9 and was introduced by the United States Department of 
Agriculture, Agricultural Research Service, Byron, GA, and Clem-
son University, Clemson, GA in 1994 (Okie et al. 1994)

Lovell	 peach seedling found by G.W. Thissell in Winters, CA in 1882 
(Foundation Plant Services 2022d)

MP-29	 clonal rootstock from a plum (P. umbellata ‘Edible Sloe’) × peach 
(P. persica ‘SL0014’ cross  released from United States Department 
of Agriculture, Agricultural Research Service, Byron, GA and the 
Florida Agricultural Experiment Station in 2011 (Beckman et al. 
2012)

Rootpac® 20	 clonal rootstock from a sand cherry (P. besseyi) × myrobalan plum 
(P. cerasifera) cross, originally tested as PAC 9801-02 and patented 
as Densipac and introduced in 2011 from the Agromillora Catalana 
Breeding Program,  Subirats, Barcelona, Spain (Gasic and Preece 
2014)  

Rootpac® 40	 clonal rootstock from an almond × peach hybrid [P. dulcis × P. 
persica)  ‘Felinem’  (P. dulcis ‘Marcona’ × P. persica Nemaguard)], 
originally tested and patented as Nanopac from the Agromillora 
Catalana Breeding Program,  Subirats, Barcelona, Spain (Anthony 
and Minas 2021)   
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trees on all other rootstocks. However, bud 
hardiness was similar on trees of all root-
stocks in November with T50 values ranging 
from -16.3 to -14.9 °C.
  For Jan. 2021, T50 values of flower buds 
from trees on all rootstocks were 2.0 to 2.8 
°C lower than the T50 value of buds on trees 
of Guardian® rootstock (Table 2). At the 
March collection date, flower bud T50 values 
from Lovell and ‘Controller™ 8’ trees were 
4.4 °C lower than that of Guardian® trees. 
Flower bud T50 values were similar on trees 
from all rootstocks at the November test date.
  Fruit yield.  Trees on Lovell and Guard-
ian® rootstocks produced greater fruit yield 
than  ‘MP-29’, ‘Rootpac® 20’, and ‘Root-
pac® 40’ trees in 2019 (Table 3). The follow-
ing year, trees on Lovell, ‘Controller™ 7’, 
and  Guardian® had higher yields than those 
on all other rootstocks, except for ‘Control-
ler™ 6’ and 8’. ‘MP-29’ rootstock produced 
lower yield than all others in 2021. 
  In the covariate analysis, T50 values of 
flower buds were not affected by fruit yield 
in the preceding growing season (data not 
presented).

Discussion
  ‘Cresthaven’ flower bud hardiness varied 

among the rootstocks tested in mid- and late-
winter (Table 2). In both years of the study, 
flower buds on Lovell trees had relatively 
low T50 values in January and in late Febru-
ary or early March compared with most other 
rootstocks when the temperatures preceding 
the freezing test resulted in discrimination 
of rootstock T50 values (Table 2). The mean 
maximum air temperature near 19 °C in the 
two days preceding the Jan. 2020 freezing 
test likely contributed to higher T50 values 
in 2020 versus that recorded in Jan. 2021 
when the mean 2-d maximum air tempera-
ture immediately before sample collection 
was nearly 12 °C colder. Although Bigler-
ville has been placed in the U.S. hardiness 
zone 6b (i.e., average temperature minimum 
of -21 to -18 °C), minimum temperatures 
recorded during this study were consistent 
with those typical of zone 8 (-9 to -12°C). 
In January 2020, flower buds from Lovell 
trees were more cold-tolerant than those of 
all other rootstocks, except for ‘MP-29’ and 
‘Controller™ 7’. However, in the following 
year, all flower buds on trees of all rootstocks 
had similar T50 values, except for Guardian®, 
which were injured at ≥ 2 °C warmer than 
all other rootstocks. In previous studies con-
ducted in Missouri with similar experimental 

Table 2. Mean T50 values of ‘Cresthaven’ peach floral buds on eight rootstocks at selected dates.  453 
 454 

T50 value 455 

Rootstock     13 Jan. 2020           24 Feb. 2020           16 Nov. 2020          11 Jan. 2021          1 Mar. 2021          15 Nov. 2021 456 

Lovell          -16.3 a i                -16.1 a          -15.2 a      -19.9 a                   -16.0 a   -16.7 a 457 

MP-29          -15.2 ab    -12.9 bc          -16.3 a      -19.1 a          -13.2 c   -16.2 a 458 

Controller™ 7         -15.0 ab    -14.0 b          -15.1 a      -19.5 a          -14.2 bc   -16.5 a 459 

Controller™ 6          -14.8 ab    -11.8 c          -15.9 a      -19.2 a          -13.3 c      -16.1 a  460 

Guardian®         -13.6 bc    -12.7 bc          -15.9 a      -17.1 b          -11.6 d   -16.3 a 461 

Controller™ 8         -13.5 bc    -12.8 bc          -15.7 a      -19.4 a          -16.0 a   -15.9 a 462 

Rootpac 40®         -13.2 c    -12.3 c          -14.9 a      -19.2 a          -14.6 abc   -15.6 a 463 

Rootpac 20®         -13.0 c    -11.8 c          -15.9 a      -19.7 a          -15.3 ab      -16.1 a 464 

i Means represent 5 replications of each 5-node cutting for each rootstock. LSmeans within columns followed by common letters do 465 

not differ at the 5% level of significance, by Fisher’s protected LSD.466 

i Means represent 5 replications of each 5-node cutting for each rootstock. LSmeans within columns followed by common letters 
do not differ at the 5% level of significance, by Fisher’s protected LSD. 

Table 2. Mean T50 values of ‘Cresthaven’ peach floral buds on eight rootstocks at selected dates. 
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methods, trees on Lovell and Guardian® had 
similar T50 values near -19 °C when tested in 
mid-January (Davis 2013; Warmund et al. 
2002). However, flower buds on Lovell trees 
can survive as low as -26 °C in Colorado 
when exposed to cold air temperatures before 
sampling (Sterle and Minas 2021). Although 
rootstocks most likely did not reach their 
maximum mid-winter hardiness in the pres-
ent study due to a lack of exposure to very 
low temperatures before sampling, relative 
differences were detected. 
  Proebsting (1963, 1970) found that peach 
flower buds gain and lose cold hardiness 
as temperatures fluctuate during winter. In 
Washington, the T50 values of ‘Elberta’ peach 
flower buds were correlated with the mean 
air temperature of the two days preceding the 
freezing test (Probesting 1963). However, 
this type of relationship was not evident in 
the present study. For example, the mean 
two-day air temperature before collection 
on 13 Jan., 24 Feb., and 16 Nov. 2020 was 
11.4, 3.9, and 16.7 °C, respectively at Bigler-
ville (Fig. 1). However, the mean T50 values 
for all rootstocks for January, February, and 

November 2020 collection dates were -14.3, 
-13.1, and -15.6 °C, respectively, (Table 2). 
Specifically,  the mean T50 values for root-
stocks in November 2020 were relatively low 
compared with those from other sampling 
dates that year despite the warm mean two-
day temperature of 16.7°C before the freez-
ing test.
  During the deacclimation period in late 
February, flower buds on Lovell trees were 
more cold-tolerant than those on ‘MP-29’, 
‘Controller™ 6 and 7’, and Guardian® in 
both years of the experiment (Table 2). In a 
1999 study, using samples from South Caro-
lina, flower bud T50 values on Lovell trees 
were lower than that on Guardian® trees 
when tested in late February, but in other 
tests conducted similarly with samples from 
Missouri and Ohio, flower bud hardiness on 
trees of these two rootstocks did not differ 
(Davis, 2013; Warmund et al. 2002). Previ-
ous work has shown that the temperature 
at which flower buds are injured depends 
on temperatures preceding sample collec-
tion and their stage of development, among 
other factors (Ballard et al. 1981; Proebsting 

Table 3. Mean yield (kg/tree) of ‘Cresthaven’ peach trees on eight rootstocks in 2019, 2020, 467 
and 2021.  468 

              Year 469 
Rootstock          2019             2020           2021 470 

Lovell           9.4 ab i                18.2 a            24.2 a 471 

MP 29           4.4 cd       5.3 d   10.5 b         472 

Controller™ 7          6.8 bc   17.8 a   21.4 a           473 

Controller™ 6           7.6 bc   15.9 ab  26.2 a           474 

Guardian®        10.5 a   18.1 a     23.8 a        475 

Controller™ 8          7.1 bc   15.7 ab  21.6 a           476 

Rootpac 40®          3.3 d   11.6 c         23.6 a    477 

Rootpac 20®         5.7 cd     13.9 bc   23.1 a          478 

i Means represent 4 tree replicates within 5 replications of each rootstock. LSmeans within 479 

columns followed by common letters do not differ at the 5% level of significance, by Fisher’s 480 

protected LSD. 481 

i Means represent 4 tree replicates within 5 replications of each rootstock. LSmeans within columns followed by common letters 
do not differ at the 5% level of significance, by Fisher’s protected LSD.

Table 3. Mean yield (kg/tree) of ‘Cresthaven’ peach trees on eight rootstocks in 2019, 2020, and 2021. 
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1963). In a few studies, scion buds of peach 
cultivars with later floral organ differentia-
tion and a delayed bloom date had greater 
survival after exposure to a spring frost than 
those with earlier organ development and 
an early bloom date, but this result has not 
been reported in other studies (Harber et al. 
1992; Palonen and Buszard 1997; Szalay et 
al. 2018). In the 1994 NC-140 peach trial, 
trees on Lovell and Guardian® rootstocks 
had similar dates for 90% full bloom at 10 of 
13 sites (Reighard et al. 2004). In the present 
study, buds had not yet swollen at the time 
of collection and differences in floral organ 
development were not apparent when buds 
were examined after freezing. 
  Ashworth (1982) found that xylem dis-
continuity at the base of the flower primor-
dium prevented the migration of ice through 
the vascular tissue and into the primordium, 
which resulted in supercooling during early 
and mid-winter. However, as procambial 
cells differentiated into xylem vessel ele-
ments and vascular continuity was estab-
lished between flower primordium and the 
adjacent stem tissue of deacclimating buds, 
the floral tissue no longer supercooled to a 
low temperature in the spring.
  Andrews et al. (1983) suggested that de-
acclimation of peach flower buds occurs in 
four stages. In the first period, supercooling 
occurs and is followed by a transition period 
during early bud swell when buds are injured 
at progressively warmer temperatures. In the 
third period before petal tip emergence,  the 
floral primordium is injured at temperatures 
when ice nucleation occurs (about -2 to -8 
°C), but buds are still relatively cold-tolerant 
until the final period when flowers are frost-
sensitive. 
  Recently, North et al. (2022) suggested that 
deacclimation occurs in three phases, which 
was based on a model to describe the deac-
climation potential of grape buds in Wiscon-
sin. In the first phase, deacclimation does not 
occur or is negligible at any air temperature. 
During the second phase, deacclimation in-
creases rapidly as chilling units accumulate. 

In the last phase, the rate of deacclimation 
slows to a point where there is little change. 
Because buds acclimate, harden, and deaccli-
mate based on low temperatures by location 
and plant species, it is unlikely that any one 
model can be used across broad geographic 
regions (Warmund 2015).
  In mid-November freezing tests, the low 
temperature tolerance of flower buds was 
similar among all rootstocks (Table 2). A 
similar lack of discrimination in peach flower 
bud cold hardness among rootstocks has been 
reported in previous studies at various NC-
140 trial locations, which may be attributed 
to the 3 °C temperature intervals at which 
samples are evaluated (Davis 2013; War-
mund et al. 2002). In future studies on the 
effect of rootstocks on flower bud hardiness, 
differential thermal analysis (DTA) tests may 
be preferable to the standard method previ-
ously used for NC-140 trials. Fewer buds 
per test may be sampled in DTA tests and 
the precise temperatures at which floral or-
gans freeze (i.e., low temperature exotherms) 
can be readily detected by DTA. However, 
several temperature sensors, as well as an 
adequate temperature recorder, are needed 
for DTA to test multiple buds from each root-
stock simultaneously at each sampling date. 
  Although fruit yield varied among root-
stocks in the first three years of the trial, the 
crop load (i.e., fruit yield) on trees in this 
study did not affect flower bud hardiness 
during the subsequent dormant period. The 
reason for this result may be attributed to the 
pruning and thinning protocols. For pruning, 
the number of fruiting lateral shoots per tree 
was adjusted by pruning based on tree size. 
Flowers on each lateral were later thinned, 
leaving a crop density of two fruit/cm 2 of 
trunk cross-sectional area to prevent over-
cropping trees. High crop densities, such as 
≥ 7 fruit/cm2, on ‘Cresthaven’/Lovell peach 
trees adversely affected survival of swollen 
flower buds following exposure to air tem-
peratures as low -3 to -8 °C during a three-
night period in March (Byers and Marini 
1994).  
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  In this trial, vigorous Lovell and Guard-
ian® trees produced high fruit yield per tree 
(Table 3). ‘MP-29’ trees, which were con-
siderably smaller in size (32%) than Lovell 
and Guardian® trees, produced less fruit 
per tree than the latter seedling rootstocks 
(data not shown). In all NC-140 trials, which 
have included several different seedling and 
hybrid rootstocks, Lovell trees consistently 
produced high cumulative yields and tree 
survival (Perry 2000; Johnson et al. 2011; 
Reighard et al. 2004, 2011, 2020). How-
ever, in the southeastern U.S., Guardian® 
rootstock was selected as a replacement 
for Lovell due to its tolerance to peach tree 
short life and root-knot nematodes (Beck-
man et al. 1996). Subsequent NC-140 trials 
conducted across North America have shown 
that Lovell and Guardian® cumulative yields 
were similar at nearly all sites (Reighard et 
al. 2004, 2011, 2020). Based on the early re-
sults of the present NC-140 trial, ‘Cresthav-
en’ flower buds on Lovell trees were about 
3 °C more tolerant than those on Guardian® 
in mid-January and 3 to 4 °C hardier than 
Guardian® in late February or early March, 
respectively. Hence, Lovell rootstock may be 
preferred over Guardian® at sites where low-
temperature minima during mid-winter are 
near -10 to -15 °C, vigorous trees are desired, 
and the site does not have a history of peach 
tree short life. 
  A consistent trend in the flower bud har-
diness of trees on size-controlling rootstocks 
was not apparent. The relatively warm tem-
peratures during the dormant periods of this 
study likely prevented flower buds on trees 
from acclimating to their full potential. Thus, 
further examination of flower bud hardiness 
on these dwarfing rootstocks during periods 
of colder temperatures than those experi-
enced during this study may be warranted.   
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