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Abstract. Winter injury to the root systems of fruit trees can cause significant tree losses
and yield reductions in the northern regions of the United States and Canada. To
compare the root and trunk cold temperature tolerance, a series of experiments were
conducted using ungrafted apple rootstocks. ‘Geneva® 11’ (G.11), ‘Geneva® 30’ (G.30),
‘Geneva® 41’ (G.41), ‘P.2°, and ‘Budagovsky 9’ (B.9) apple (Malus xdomestica Borkh.)
rootstocks had root tissue hardiness similar to ‘M.26°, but ‘Geneva® 935’ (G.935) had
greater cold-hardiness than M.26 when based on shoot regrowth in ungrafted trees. The
LTs 0of M.26 and P.2 roots ranged from —12 to —14 °C. The LTs, was —13 °C for B.9,-13.4
to —14.6 °C for G.30, and —12 °C for G.11. The LTs, of G.41 was one of the highest in one
experiment, —8 °C, and one of the lowest in another, colder than —15.0 °C. The LTs, of
G.935 roots was the lowest and ranged from —16 to —19 °C. Compared with M.26, trunk
cold-hardiness in December was greater in B.9 and P.2 and was similar in G.30. Cold-
hardiness of G.11 in December was mixed with less injury in the xylem but more injury in
the phloem compared with M.26. In October, M.26 and G.935 trunks had little injury

after exposure to —24 °C.

Apple roots have limited ability to accli-
mate to cold temperatures (Wildung et al.,
1973) and can be injured by temperatures
below —8 °C (Embree, 1988). Cold-hardiness
is the ability to tolerate subfreezing tempera-
tures without injury to living plant cells. In
the northern regions of the United States and
Canada, cold temperature injury to the root
systems of fruit trees can cause significant tree
losses and yield reductions and occurs period-
ically when snow cover is thin or nonexistent
(Czynesyk, 1979; Wildung et al., 1973).
Symptoms of root injury become evident the
next spring when trees “leaf out” followed by
wilting and death of new growth in severe
cases and stunted shoot growth in less severe
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cases. When significant tree losses occur, re-
planting is the only option causing substantial
financial losses for the grower. Rootstocks
with greater cold-hardiness can prevent eco-
nomic losses caused by cold temperature in-
jury to the root system.

Most commercial orchards in the United
States are planted to Malling rootstocks that
lack cold-hardiness or tolerance of subfreez-
ing temperatures (Embree, 1988) and B.9,
which has greater cold-hardiness (Quamme
and Brownlee, 1997). Based on controlled
studies and tree survival under natural condi-
tions, M.26 and B.9 are rated as moderately
cold-hardy (Privé and Embree, 1997; Quamme
and Brownlee, 1997; Wildung et al., 1973), but
have other weakness such as disease suscepti-
bility. Geneva rootstocks have been selected
for disease resistance, size control, and pre-
cocity making them ideally suited for apple
production (Autio et al., 2010; Cummins and
Aldwinkle, 1974), but their cold-hardiness has
not been evaluated under controlled condi-
tions. As more orchards are planted to Geneva
rootstocks, information will be needed on
their levels of cold-hardiness to determine
their suitability for planting in regions with
cold winters.

Cold temperature injury to the trunk can
also cause tree mortality in fall when severe
freezing temperatures occur during the accli-
mation stage (Caprio and Quamme, 1999) and
is more likely than injury during midwinter in
some regions (Quamme et al., 2010). Previous
studies indicate that M.26 has greater trunk

cold-hardiness than ‘M.M.106’ and ‘M.7" in
November (Embree, 1988) but a similar level
of shoot tissue cold-hardiness (Wildung et al.,
1973). Based on observations in field trials,
‘Geneva® 16’ (G.16) may be more susceptible
to cold temperature injury in the fall (Robinson
et al., 2005). New rootstocks need to be tested
for cold-hardiness in trunk tissues.

Test winters do not always occur during
the course of field trials, which necessitates
controlled studies for a more rapid determi-
nation. The objective of this research was to
measure the cold-hardiness of selected Ge-
neva rootstocks in controlled conditions.

Materials and Methods

All experiments were conducted at the
Maine Agricultural and Forest Experiment
Station in Monmouth, ME, which is located
at latitude 44° N and longitude —70° W.

Expt. 1. In May 2007, ungrafted M.26 and
G.935 rootstocks, with a trunk diameter of
0.6 cm, were planted in pots with pasteurized
field soil, sand, and calcined montmorillonite
clay (Turface, Buffalo Grove, IL) mixed at
aratio of 2:2:1 by volume. Trees were watered
as needed and did not require any pest control
measures. Trees were fertilized twice with a
complete fertilizer containing 18.8 mg nitro-
gen, 38 mg P,0s, 18.8 g K,0, 2.5 mg boron,
8.8 mg copper, 0.2 mg iron, 0.08 mg zinc, and
0.06 mg manganese per tree at each time.
Mean air temperature from May to October
was 17.0 °C. Trees were grown in pots out-
doors until late October when they were placed
in cold storage at a temperature of 0 °C until
analysis in February.

Root systems were compared for injury
incurred after exposure to temperatures rang-
ing from —8 to—16 °C and an unfrozen control.
The media were rinsed off roots before freez-
ing. The root systems were wrapped in moist
paper towels and placed in plastic bags, which
provided a rapid and uniform drop in temper-
ature (Privé and Embree, 1997). Freezing of
whole plants was conducted using a program-
mable freezer (SuperCold Freezer 40-9.4;
ScienTemp, Adrian, MI) and a temperature
decrease of 2 °C per hour. Temperature of
the root systems was measured with type
T thermocouples and a Campbell Scientific
CR-10 data logger (Campbell Scientific, Logan,
UT). Trees were held at each set temperature
for 60 min, removed from the freezer, and
placed in an insulated cooler overnight. Trees
were planted in pots with peat, coir, perlite, and
bark mix media (Metro-Mix 560™ with Coir;
Sun Gro, Vancouver, British Columbia, Can-
ada). At planting, trees were pruned back to 12
cm and placed in a heated greenhouse to assess
recovery from cold temperature injury based
on the amount of shoot growth. Internal tissues
were inspected for symptoms of cold temper-
ature injury at the point where they were
pruned. One new shoot was allowed to grow
with all others removed. After 2 months, new
shoots were removed from trees and dried in
an oven at 70 °C for 1 week and then weighed.
The experiment was replicated 12 times with
single trees as the experimental unit.
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Expt. 2. In May 2008, ungrafted trees of
M.26, G.935, and G.41 were planted at a spac-
ing of 25 cm outdoors in field soil covered
with black plastic. The soil was a Dixfield fine
sandy loam, coarse-loamy, mixed frigid typic
Haplothords. G.935 trees were 1 year older
than the other two rootstocks. Trunk diameter
of G.41 and M.26 was 0.6 cm and was 1.5 cm
in G.935 trees. Trees were grown in this and
subsequent experiments without irrigation or
fertilizer and did not need pest control mea-
sures. Mean air temperature from May to
October was 17.0 °C. Trees were dug in late
October, planted in sand, and stored at 5 °C
until analysis in February.

Injury to the root systems was compared
after exposure to temperatures ranging from —9
to =21 °C and an unfrozen control. Tempera-
ture was decreased at a rate of 3 °C per hour.
Methods were otherwise similar to Expt. 1.

Trunk cold-hardiness of M.26 and G.935
rootstocks was measured in late October by
exposing trees to temperatures of —6 to—24 °C.
Whole trees were exposed to freezing temper-
atures in the same manner as in Expt. 1. Injury
was measured as visual browning of the xylem
and phloem at a trunk height of 6 cm above
and below the soil line. A rating scale of 0 to 5
was used with 0 indicating no browning and 5
indicating dark browning throughout the tis-
sue. Because root systems were also exposed
to freezing temperatures, tree survival was not
measured. The experiment was replicated six
times with single trees as the experimental
unit.

Expt. 3. In June 2009, ungrafted trees of
G.11, G.30, G41, B.9, and P.2 with a trunk
diameter of 0.6 cm were planted at a spacing of
25 cm outdoors in field soil covered with black
plastic. M.26 trees were planted in the previous
year. Mean air temperature from May to
October was 16.1 °C. Trees were dug in late
October, planted in sand, and stored at 1 °C
until analysis in early December and February.

Injury to the root systems was compared
after exposure to temperatures ranging from
—10 to —24 °C and an unfrozen control. Tem-
perature was decreased at a rate of 3 °C
per hour. One d after exposure to treatment
temperatures, injury was measured as brown-
ing of the belowground portion of the trunk
internally and external browning of the root
system. Browning in the trunk was measured
by cutting off the lower 3 cm of the shank to
expose internal tissues. The entire root sys-
tem was rated as a whole without cutting into
individual roots. A rating scale of 0 to 5 was
used with 0 indicating no browning and 5 in-
dicating dark browning. Methods were other-
wise similar to Expt. 1. The experiment was
replicated four times with single trees as the
experimental unit.

Trunk cold-hardiness of M.26, G.11, G.30,
B.9, and P.2 rootstocks was measured in Dec.
2009 by exposing trees to temperatures of —15
to—27 °C, whereas roots were insulated in peat
media and Styrofoam. A 1-cm-thick layer of
foam insulation was placed over the peat
media for additional protection from severe
temperatures. When air temperature reached
—27 °C, temperature of the peat media ranged
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from —1 to —6 °C. The experiment was repli-
cated five times with single trees as the ex-
periment unit.

After freezing, trees were held at cool,
nonfreezing temperatures overnight and then
placed in cold storage at 1 °C until May
at which time they were brought outdoors.
One new shoot per tree was allowed to grow 2
months at which time it was removed from
the tree for dry weight measurement. Cold-
hardiness of the trunk was measured 1 week
after temperature treatment by assessing visu-
al browning. Browning of the xylem, phloem,
and cambium was assessed at a trunk height
of 10 and 25 cm above the soil line. Internal
tissues were exposed by cutting lengthwise at
each point. A rating scale of 0 to 5 was used
with 0 indicating no browning and 5 indi-
cating severe browning. Percentage of the
xylem cross-sectional area with browning
was also visually estimated. The experiment
was replicated five times with single trees as
the experimental unit.

Expt. 4. In 2010, ungrafted trees of M.26
and G.935 trees with a trunk diameter of
0.64 cm were planted at a spacing of 25 cm
outdoors in field soil covered with black
plastic. G.30, G.41, B.9, and P.2 trees were
planted the previous year. Mean air tempera-
ture from May to October was 18.4 °C. Trees
were dug in late October, planted in sand, and
stored at 1 °C until analysis in February.

Experiment 1

Injury to the root systems was compared
after exposure to temperatures ranging from
—10 to —18 °C and an unfrozen control. As a
result of an insufficient number of trees, G.41
was exposed to temperatures in the range of
—10 to —15 °C. Temperature was decreased at
a rate of 3 °C per hour. Methods were other-
wise similar to Expt. 1. The experiment was
replicated five times, except for G.41, which
had two replications. Single trees were the ex-
periment unit.

Shoot dry weight and tissue browning data
were analyzed as a completely randomized
design using the PROC GLM procedure with
means separation by LSMEANS (SAS Insti-
tute, Cary, NC). Shoot dry weight was con-
verted to percentage of the unfrozen control to
eliminate variation resulting from shoot length
differences between rootstocks. Tree mortality
was considered as relative shoot dry weight of
20% or less. Tree mortality data were analyzed
using the PROC PROBIT procedure and in-
verse confidence limits to estimate the LTy,

Results

Expt. 1. After exposure to treatment tem-
perature, shoots of G.935 began growing 1
week earlier than M.26 and were larger at the
end of the experiment. Shoot dry weight in
M.26 control trees was 2.7 g compared with
4.8 g for G.935. Root tissue was damaged by
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Fig. 1. Relative shoot growth of apple rootstocks following exposure of whole trees to temperatures of —8
to —16 °C in Expt. 1 and -9 to —21 °C in Expt. 2. Shoot growth is expressed as a percentage of the
untreated control for each rootstock. *Significant difference from M.26.
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freezing temperatures in both rootstocks
with a consequent reduction in shoot growth
(Fig. 1). M.26 had less relative shoot growth
than G.935 after exposure to temperatures of
—12 °C (P = 0.0462), —14 °C (P = 0.0001),
and —16 °C (P = 0.0001). Most of the M.26
trees died after exposure to —16 °C in contrast
to G.935, which had only one tree death. The
LTs, for M.26 root tissue was —13.5 °C, but
the LTso for G.935 could not be estimated
because most of the trees survived —16 °C,
the lowest temperature (Table 1).

Expt. 2. In the winter experiment testing
root tissue cold-hardiness, shoot dry weight
did not vary among untreated trees of M.26,
G.935, and G.41 (data not shown). Exposure
to—9 °C reduced relative shoot growth of G.41
compared with the other two rootstocks (P =
0.0038; Fig. 1). Relative shoot growth of G.41
was similar to M.26 after exposure to —12,
—18, and —21 °C. Shoot growth of G.935 was
greater than M.26 after exposure to —15 °C
(P =0.0545) but similar at other temperatures.
Tree mortality was 100% in all rootstocks
after exposure to —21 °C. The lethal temper-
ature for root tissue mortality was lowest for
(G.935 and highest for G.41 (Table 1).

In the fall experiment measuring trunk
cold-hardiness, xylem browning above the

soil line increased as temperature decreased
(Table 2). Xylem browning below the soil line
was greater in M.26 than in G.935 at temper-
atures of =9 and —12 °C, was greater in G.935
at—21 °C, and was similar in both rootstocks at
other temperatures.

Phloem tissue above the soil line had very
little browning and no rootstock difference at
any temperature. Phloem browning below the
soil line increased with decrease in tempera-
ture with instances of severe browning oc-
curring at temperatures below —12 °C in both
rootstocks. Browning was greater in M.26
than G.935 at temperatures of -9 and —12 °C
but was similar in both rootstocks at colder
temperatures.

Expt. 3. In the winter experiment measur-
ing root tissue cold-hardiness, relative shoot
growth decreased as temperature decreased
from —10 to —24 °C and did not differ between
rootstocks at any temperature (Fig. 2). None
of the trees survived exposure to tempera-
tures of —21 and —24 °C. The LTs, for root
tissue mortality ranged from —7.8 °C in G.41
to —14.1 °C in M.26 (Table 1).

Internal browning in the trunk below the
soil line increased as temperature decreased to
—15 °C indicating that the belowground portion
of the shank is also subject to cold temperature

Table 1. Lethal root temperature (°C) for 50% tree mortality” after cold temperature injury to apple root

tissue.
Root Expt. 1 Expt. 2 Expt. 3 Expt. 4
stock LTS() 95% cl¥ LTS() 95% cl LT5() 95% cl LTS() 95% cl
M.26 -13.5 -124to-15.0 -13.0 -11.4t0o-15.3 -14.1 -10.2to-169 -119 -23to-14.7
G.935 <-16.0¢ — -158 -13.7to-17.9 — — —-18.8 —
G.41 — — -12.1 -8.6to-155 -7.8 0.0 to —-12.0 <-15.0* —
G.11 — — — — -11.8 0.0 to —14.5 — —
G.30 — — — — -13.4 -89to-162 -146 -123to0o-16.9
P2 — — — — -13.8 -75t0-16.7 -122 -1.5to0o-14.7
B.9 — — — — -12.7 -7.6to-157 -133 -—72to-15.0

“Mortality is based on shoot dry weight of less than or equal to 20% of the untreated control.

¢l = confidence limit.

*Not estimated as a result of insufficient tree mortality.

Table 2. Visual browning rating in xylem and phloem tissues above and below the soil line 1 d after
exposure of whole trees to freezing temperatures in late October.”

Temperature (°C)

Rootstock Control -9 -12 -15 -18 21 24
Xylem above the soil line

M.26 0.8 0.8 0.8 1.3 1.2 1.3 1.2

G.935 0.0 0.7 0.0 0.0 0.7 0.7 0.8

P 0.0240 NS 0.0005 0.0001 NS 0.0493 NS
Xylem below the soil line

M.26 1.0 2.0 2.0 1.3 1.3 1.0 1.5

G.935 0.5 1.2 1.2 1.5 1.8 32 1.8

P NS 0.0005 0.0366 NS NS 0.0116 NS
Phloem above the soil line

M.26 0 0 0 0.2 0 0 0.0

G.935 0 0 0 0.0 0.2 0 1.0

P NS NS NS NS NS NS NS
Phloem below the soil line

M.26 0 0.7 0.8 3.0 1.7 2.0 2.0

G.935 0 0.0 0.0 3.0 2.6 3.2 3.5

P NS 0.0101 0.0053 NS NS NS NS

“Browning was measured at a height of 6 cm above and below the soil line using a rating scale of 0 to 5 with
0 indicating no browning and 5 indicating dark brown.
YAnalysis of variance P value for the main effect of rootstock at each temperature.

Ns = nonsignificant.
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injury (Table 3). Below —15 °C, there did not
appear to be an increase in browning. At a
temperature of —21 °C, B.9 and P.2 had more
severe browning than other rootstocks. No
rootstock difference occurred at other tem-
peratures. Browning of the root system also
increased as temperature decreased and was
severe at —18 to —24 °C. A rootstock difference
occurred in the untreated control with P.2 hav-
ing a greater degree of browning. At —18 °C,
M.26 had less browning than other rootstocks.
Root system browning was more highly cor-
related with relative shoot dry weight (r =
—0.92, P = 0.0001) than belowground trunk
browning (r = —0.55, P = 0.0001).

In the fall experiment measuring trunk
cold-hardiness, aboveground xylem brown-
ing increased with decreasing temperatures
in M.26, P.2, G.11, and G.30, but not B.9
(Table 4). Phloem browning increased as
temperature decreased in B.9 and G.11, but
not M.26, G.30, or P.2. Rootstock differences
in visual browning occurred at temperatures
below —18 °C. At a temperature of —21 °C,
G.11, B.9, and P.2 had less browning than
M.26, whereas G.30 had a similar level of
browning as M.26 and G.11. At temperatures
of—24 and-27 °C, G.11 and G.30 had a similar
degree of browning as M.26, but B.9 and P.2
had less. B.9 had natural purple pigmentation
in the xylem, which may have obscured slight
browning discoloration. Less browning oc-
curred in the lower trunk at 10 cm above the
soil but rootstock differences were similar to
what occurred at 25 cm (data not shown). The
amount of xylem cross-sectional area with
browning at 25 cm increased from 0% in the
untreated controls to a high of 68% in M.26 at
—27 °C. B.9 had the least area affected, 20%,
and was the only rootstock to have signifi-
cantly less area affected than M.26. Less than
40% of the xylem area had browning at 10 cm
at the coldest temperature tested. An increase
in phloem browning was not observed until
a temperature of —21 °C, but the degree of
browning did not differ between rootstocks
at temperatures above —27 °C. Differences in
rootstocks occurred at a temperature of 27 °C
when G.11 had a greater degree of browning
than M.26, G.30, and P.2 but a similar level as
B.9. Cambial browning did not increase with
decrease in temperature until —27 °C when it
was generally slight and not variable with
rootstock (data not shown). However, severe
browning occurred sporadically and was typ-
ically next to a lateral bud.

Exposing trunks to freezing temperatures in
fall did not affect shoot growth the next spring
(data not shown), so the LTs, could not be
determined. Trees were pruned back to 10 cm
where less internal browning occurred than at
25 cm and were pruned back to a point where
an insufficient amount of injury occurred to
affect shoot growth (Steinmetz, 1937).

Expt. 4. Shoot growth was decreased by
exposing root tissue to temperatures of —10 to
—18 °C with significant mortality at —18 °C in
M.26,B.9,P.2, and G.30 (Fig. 2). G.935 had the
greatest survival at —18 °C. G.41 was not tested
at —18 °C but had good survival of —15 °C.
Relative shoot growth did not differ between
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Experiment 3
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Fig. 2. Relative shoot growth of apple rootstocks following exposure of whole trees to temperatures of —10
to —21 °C in Expt. 3 and —10 to —18 °C in Expt. 4. Shoot growth is expressed as a percentage of the
untreated control for each rootstock. *Significant difference from M.26.

Table 3. Internal browning rating in the trunk
below the soil level and external browning of
the root system 1 d after exposure of whole
trees to freezing temperatures in February.”

Root Temperature (°C)
stock Control —10 —13 —15 -18 21 24
Trunk
M.26 1.4 25 1.7 3.1 3.1 3.0bY 2.8
G.30 1.7 2.3 2.8 3.1 3.0 28b 2.6
G.11 1.7 23 22 22 34 27b 28
G4l 1.4 2.7 3.0 2.5 29 23b 1.8
B9 2.0 32 2.0 4.1 33 40a 2.6
P2 15 1.5 23 2.1 4.1 40a 23
P NS NS NS NS Ns  0.0040 s
Root system

M.26 14b 2.7 28 3.6 43b 5.0 5.0
G30 14b 23 3.7 42 50a 5.0 5.0
G.11 1.0b 3.5 3.8 46 48a 5.0 5.0
G.41 1.0b 33 4.0 41 49a 5.0 5.0
B9 14b 3.0 25 49 50a 5.0 5.0
P2 23a 27 33 46 50a 5.0 5.0

P 0.0133 ~Ns ns Ns 0.0236  ns NS

“Browning was measured at the lower 3 cm of the
shank using a rating scale of 0 to 5 with 0 indicating
no browning and 5 indicating dark brown.

YMeans separation by LSMEANS, 5% level of
significance. Means followed by the same letter
are not significantly different.

*Analysis of variance P value for the main effect of
rootstock at each temperature.

Ns = nonsignificant.

HorTScieENCE VoL. 46(11) NoveMBER 2011

rootstocks after exposure to —10 and —13 °C.
After exposure to —15 °C, G.935 had similar
relative shoot growth as G.41 but was greater
than M.26, G.30, P.2, and B.9 (P = 0.01).
G.41 and other rootstocks had a similar rela-
tive shoot growth as M.26 at —15 °C. G.935
had greater relative shoot growth than other
rootstocks after exposure to —18 °C (P =
0.01), whereas other rootstocks were similar to
M.26. The LTs varied from —11.9 °C in M.26
to —18.8 °C in G.935 (Table 1). The LTs5, of
G.41 could not be estimated but was likely
below —15 °C.

Discussion

Injurious and lethal soil temperatures oc-
cur periodically in colder regions where ap-
ples are grown (Czyncsyk and Holubowicz,
1984; Quamme and Brownlee, 1997; Wildung
etal., 1973). For successful planting in regions
that have cold winters, apple rootstocks should
have as much cold-hardiness as M.26, one of
the hardiest of the Malling series (Cummins
and Aldwinkle, 1974). Rootstocks tested in
this study, G.41, G.11, G.30, B.9, and P.2,
had root tissue cold-hardiness comparable
to M.26. G.935 was the only rootstock to
have greater root hardiness than M.26. Cold-
hardiness of B.9 and P.2 in relation to
hardiness of M.26 was similar to previous

Table 4. Xylem and phloem browning rating
following exposure of trunks to freezing
temperatures in December.”

Root Temperature (°C)
stock Control —-15 —-18 -21 24 =27
Xylem
M.26 1.5 12 20 20a 22a 40a
G.30 0.8 14 15 18ab 23a 33a
G.11 1.2 1.0 1.2 12bc 1.8ab 28ab
B.9 1.0 1.0 1.3 1.0c 13b 1.0c¢c
P2 0.8 1.0 0.7 1.0c 13b 20bc
P NS Ns  Ns  0.0265 0.0055 0.0004
Phloem
M.26 0 0 0 08 0.0 0.8b
G30 0 0 0 0.0 0.7 0.8b
G.11 0 0 0 1.0 1.7 2.6a
B.9 0 0 1 08 1.5 1.5 ab
P2 0 0 0 0.0 0.3 0.0b
P NS NS NS NS Ns  0.0125

“Browning was measured at a height of 25 cm
above the soil line using a rating scale of 0 to 5 with
0 indicating no browning and 5 indicating dark
brown.

YMeans separation by LSMEANS, 5% level of
significance. Means followed by the same letter
are not significantly different.

*Analysis of variance P value for the main effect of
rootstock at each temperature.

Ns = nonsignificant.

reports (Czyncsyk and Holubowicz, 1984;
Quamme and Brownlee, 1997). Controlled
cold-hardiness studies with most of the Ge-
neva rootstocks are lacking, but in field trials,
G.16 and G.30 had greater survival than M.26
or B.9 after a cold event (Robinson et al.,
2007). G.41 also had good survival after a cold
event (Robinson and Hoying, 2004) but had
inconsistent cold-hardiness in these studies.
Performance of G.41 was better in Expt. 4
than in Expts. 2 and 3. G.41 trees in Expt. 4
were 1 year older with a more extensive root
system than in the previous two experiments,
so better root growth may have contributed to
the greater hardiness in Expt. 4. Root cold-
hardiness in G.11 was tested in only one
experiment and was similar to M.26 and B.9.

The LTso for M.26 root tissues ranged
from —11.9 to —14.1 °C, which is similar to
the reported cold temperature tolerance of
—10 to —14 °C based on root tissue browning
and tree survival in controlled studies (Embree,
1988; Privé and Embree, 1997; Quamme
and Brownlee, 1997; Wildung et al., 1973)
and under field conditions (Czyncsyk and
Holubowicz, 1984). G.935 had the lowest
LTS5, which ranged from —16 to —19 °C. The
LTsq for G.41 was inconsistent in the differ-
ent experiments, but when trees had a well-
developed root system like in Expt. 4, the
LTs, was lower than for M.26 indicating that
the size of the root system may also contrib-
ute to cold-hardiness. G.41 trees in Expt. 3
had sparse roots. The LTs, of other root-
stocks was generally similar to M.26 except
for G.30 in Expt. 4 when it was —15 °C.

In addition to root tissues, the below-
ground portion of the trunk also suffered cold
temperature injury, which may have contrib-
uted to the reduction in shoot growth and
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mortality. However, shoot growth was more
strongly correlated with browning of the root
system than with browning in the belowground
portion of the trunk as measured in Expt. 3. B.9
and P.2, which had less aboveground trunk
injury than M.26 in December, had greater
belowground browning in February. It is not
clear if the hardiness that occurs in aboveground
portions of trees can extend into the below-
ground portions, which have limited exposure
to fluctuating and severe temperatures.

Apple trees are susceptible to fall freeze
events during the acclimation stage (Quamme
et al., 2010), a process that varies with
rootstock (Domoto et al., 2001; Embree and
McRae, 1991; Forsline, 1983). M.26 sus-
tained little damage from temperatures as
cold as =30 °C in December in a previous
study (Embree, 1988) but exhibited severe
xylem browning in this study at —27 °C. Trees
in our experiment were stored at 1 °C rather
than outdoors at colder temperatures, which
may have limited the ability to acclimate to
severe temperatures. Previous exposure to
temperatures can determine the level of
cold-hardiness in both root and stem tissue
(Pellet, 1971). Cold-hardiness in the above-
ground tissues of G.935 in October was
similar to M.26, but belowground xylem
was slightly less hardy than M.26. M.26 and
P.2 acquire hardiness slightly earlier than B.9
when based on leaf drop and loss of chloro-
phyll (Elving et al., 1993). In this study, B.9
and P.2 were hardier than M.26 in December.
G.11 had slightly greater xylem hardiness
than M.26 but less phloem hardiness, which
may indicate slower hardening (Quamme
et al., 1972). Much of the rootstock is pro-
tected by the soil, but a portion remains
exposed to air temperatures, particularly
during the acclimation phase in fall when
snow cover is lacking. In Maine, typical
minimum air temperature from 15 Oct. to
15 Dec. ranged from —11 to —18 °C. Trunks of
rootstocks tested in this study would likely
survive these temperatures but could suffer
injury at temperatures below —24 °C, partic-
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ularly when conditions occur that slow the
acclimation process.

G.935 is from a cross of ‘Ottawa 3°, which
is rated as cold-hardy (Embree, 1988; Privé
and Embree, 1997; Quamme and Brownlee,
1997), and ‘Robusta 5°, which is hardier than
M.26 in winter but loses cold-hardiness faster
in spring (Forsline, 1983; Wildung et al.,
1973). G.30,G.41, and G.11 also have ‘Robusta
5’ as one parent but a Malling rootstock as
the other.

Results of this study indicate that G.11,
G.30, B.9, and P.2 have root tissue cold-
hardiness similar to M.26, but G.935 has
greater cold-hardiness than M.26. Cold-
hardiness of G.41 was inconsistent but usu-
ally as good as M.26. Rootstocks tested in
this trial would likely survive where M.26 has
a good history of survival. G.935 is recom-
mended for areas that experience injuriously
cold soil temperatures.
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