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Abstract Frost tolerance was investigated in both
cold-hardened and actively growing seedlings of
Nothofagus solandri var. cliffortioides and
Nothofagus menziesii in New Zealand. Seedlings of
the two species from the same geographical origins
showed similar tolerances to simulated mid winter
and summer frosts when grown in a common envi-
ronment. The maximum frost hardiness (LT50)
ranged from -9.0 ± 0.8 to -12.1 ± 0.6°C in N.
solandri, and from-10.0 ± 0.7 to-12.4 ± 0.1°C in
N. menziesii. Both species exhibited provenance
variations in frost tolerance that corresponded with
variation in long-term means of annual minimum
temperature and frost days per annum of the seed
origins. It is suggested that low temperature may not
be a key environmental factor in differentiating the
presence of the two species at upper timberlines in
New Zealand.
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INTRODUCTION

Nothofagus solandri var. cliffortioides (Hook.f.)
Poole (mountain beech) and Nothofagus menziesii
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(Hook.f.) Oerst. (silver beech) occur naturally at
similar latitudes and altitudes in New Zealand.
Nothofagus solandri commonly dominates the for-
ests at high altitudes in the drier inland mountain
regions of the South Island; Nothofagus menziesii
dominates or co-dominates with N. solandri at
timberlines with high rainfall and improved soil
conditions (Wardle 1984). Sun et al. (1995) relate
the difference in the present distribution of N.
solandri and N. menziesii to differences between the
two species in tolerance to water stress and water-
logging. It is not known, however, whether the at-
tributes of other environmental variables, e.g., low
winter temperature and summer frosts, are important
in differentiating the geographical distribution of the
two species.

Frost causes freezing of plant tissues, resulting in
injury due to intracellular and/or extracellular ice
formation. Frost tolerance of plants is considered to
be a genetically determined physiological trait but
its expression is determined by environmental con-
straints (Sakai & Larcher 1987). Most woody plants
native to New Zealand show well-defined geographi-
cal limits along various temperature-related gradi-
ents (Sakai & Wardle 1978). Frost hardiness for N.
solandri was reported to range from -3.5 to —13°C
in mid winter, apparently related to the altitude of
origin (Sakai & Wardle 1978; Sakai et al. 1981;
Greer et al. 1989). Greer et al. (1989) suggest that
the altitudinal variations in timberlines formed by N.
solandri mainly reflect the frost hardiness limits of
seedlings. To elucidate the role of low temperature
in differentiating the natural distribution of N.
solandri and N. menziesii, we investigated the frost
tolerance of both cold-hardened and actively grow-
ing seedlings of the two species with the same seed
origins and grown at the same conditions.

MATERIALS AND METHODS

Cold-hardened seedlings
Seed ofN. solandri and N. menziesii were collected
from Lake Hauroko, Eglinton Valley, and Cobb
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River, in the South Island, and germinated in a glass-
house at the University of Canterbury, Christchurch,
in spring 1990. At each site, collection was made on
eight maternal trees with heavy seed crops. The
minimum distance between trees used to provide
seed was 50 m. Table 1 lists the geographical loca-
tions and long-term means of annual minimum tem-
perature and frost days per annum of the three seed
collection sites (provenances).

Two weeks after germination, seedlings were
transplanted into 1 1 pots (15 cm top diameter x
12 cm height) containing a mix of peat (60%), soils
of a Nothofagus-dominated forest (20%), ground
pine bark (10%), coarse river sand (10%), and slow-
release fertiliser (2 kg/m3 Osmocote®Plus, Grace-
Sierra, Heerlen, The Netherlands). All seedlings
were kept in the glasshouse until the end of March
before being transferred into an open shade house
to induce cold hardiness. The one-year-old seedlings
were transported to Palmerston North in July to
undergo the frost treatment using low temperature
controlled environment (C.E.) facilities (Robertham
et al. 1978) at the HortResearch National Climate
Laboratory, Palmerston North.

Ninety seedlings, 15 for each provenance in each
species, were divided into 3 groups matched in size
and appearance, and placed randomly in the low-
temperature C.E. rooms with frost temperature set
for—5, —10, or—13°C. The C.E. rooms were run on
a 6—6-4 programme (Greer & Warrington 1982), i.e.,
6 hours for cooling from 12°C, 6 hours being main-
tained at the minimum temperature, and 4 hours for
warming up to 12°C. The actual temperatures dur-
ing frosting were recorded as-5.0 ± 0.8, -10.2 ± 0.2,
and—13.9 ± 1.1°C, respectively. The frosts were
conducted in darkness, with the lights turned on one
hour before the warming was completed. During the
frost process, soil temperature was maintained at 5°C

by a 100 watt heating element in the base of each
frost trolley. The soil surface was also well insulated.

Following the completion of all frost treatments,
seedlings were transported back to Christchurch and
placed into a glasshouse with temperatures set for
15°C by day and 10°C at night. Frost damage was
scored visually 4 weeks after treatment on a scale
of 0, no damage; 1, approx. 10% leaves damaged;
2, approx. 30% leaves damaged; 3, approx. 50%
leaves damaged (LT50); 4, approx. 80% leaves dam-
aged; and 5, shoot tissue dead, as described by
Menzies et al. (1981). Frost hardiness (LT50) was
defined as the temperature which caused 50% foliar
damage (Ritchie 1991). This was determined by
drawing free-hand curves of damage rating versus
frost temperatures for previously-matched seedlings
based on size and appearance under the three frost
treatments. Analysis of variance (ANOVA) was
conducted on the estimates of LT5Q.

Actively growing seedlings
Seedlings of the two species were lifted from the
floor of a mixed Nothofagus forest in the Eglinton
Valley in early January 1992, and potted into 11 pots
containing the same potting mix as described above.
The size and appearance of these seedlings were
similar to the cold-hardened seedlings of the previ-
ous experiment but their ages were not known. All
seedlings were placed initially in an open shade
house at the University of Canterbury. More than
80% of the seedlings had recovered from transplant-
ing after 4 weeks, and these were transported to the
HortResearch National Climate Laboratory,
Palmerston North, at the end of February 1992. In-
sufficient seed was available to provide seedlings
raised from seed in the glasshouse for this experi-
ment.

Seedlings were divided into 4 groups, with each

Table 1 Geographical locations of provenance and long-term means of frost
days per annum and annual minimum temperature (Tmin) of the sites.

Altitude Annual Tmin Map
Provenance Latitude (m a.s.l.) frost (days) (°C) number

Cobb River 41°08'S 870 79 -6.5 NZMS260 M26
Eglinton Valley 45°06'S 270 58 -6.1 NZMS260 D43
LakeHauroko 46°06'S 150 26 -4.9 NZMS260 C43

Source: New Zealand Meteorological Service (1983).
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Fig. 1 Frost damage in cold-
hardened seedlings subjected to
different temperatures. Vertical
bars show standard errors of
means, n = 5, LT50 is indicated by
the broken line.
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group containing 12 plants of each species. Seedlings
in each group were placed randomly in a low-tem-
perature C.E. room set for a specific frost tempera-
ture. The rooms were run on the 6-6-4 programme
with temperatures of-1.0 ± 0.1, -2.5 ± 0.1,-3.9 ±
0.1,and-5.4±0°C.

Upon completion of the frost treatments, all seed-
lings were brought back to Christchurch and placed
in a glasshouse at the University of Canterbury for
visual assessment of frost damage. The assessment
was conducted 4 weeks after the treatment, with the
number of plants showing production of new shoots
at the stem base after complete shoot damage being
recorded 6 weeks after treatment. Differences in frost
damage between the two species were compared by
Student's Mest at each frost temperature.

RESULTS

Cold-hardened seedlings
Frost damage of cold-hardened seedlings increased
with decreasing temperatures for seedlings from all
three provenances in both species (Fig. 1). Seedlings
subjected to -5°C frost showed only minor damage
in all provenances of both species, but considerable
damage occurred to those subjected to approximately
—14°C. In both species, seedlings from the three
provenances differed clearly in damage rating at
—10°C; the most severe damage occurred in seed-
lings of the Lake Hauroko provenance, and the least
in the Cobb River provenance.

Frost hardiness (LT50) was significantly (P <
0.001) affected by provenance. In N. solandri, LT50


