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Summary

Although there have been several proposed expla-
nations concerning the cause of frost crack occur-
rence in living trees, many aspects need to be
examined experimentally to confirm these proposed
explanations. Thus, this study was undertaken to
elucidate the primary factors of frost crack occur-
rence. The results of the present study are sum-
marized as follows.

1. In order to determine the timing of the occur-
rence of frost cracks, as well as to evaluate the
associated climatic conditions, study plots were
established in late autumn and early winter. Serial
observations were conducted until mid-winter or
early spring to identify both the occurrence of new
frost cracks and the re-opening of old frost cracks
in trees in the study plots. Observations were con-
ducted for three winter seasons in different study
plots. Most of the old frost cracks re-opened in
early winter. Observations showed that these re-
openings did not occur simultaneously in a short
period of time such as one day or night, when there
was a sudden or large drop in air temperature, but
rather tended to occur steadily over the course of
several days of sustained sub-zero temperatures. It
has been suggested that freezing of the trunk con-
tributes considerably to the re-opening of old frost
cracks. Four frost cracks in a total of 1,002 trees
were newly formed during the course of this study.
The new frost cracks developed both in early win-
ter and in mid-winter. It has been suggested that
new frost cracks can occur when most of the old
frost cracks have re-opened and the air tempera-
ture does not fall far below 0°C.

2. In order to elucidate the structual features of
trunks with frost cracks, 22 trees belonging to 6
species were examined. The trees were dissected
for examination of their morphological features and
determination of moisture content. In all the trees
examined, wetwood was found in the heartwood.
Many internal shakes such as ring and radial
shakes were observed in the wetwood. Observation
of frozen trunk samples showed that the spaces of
the internal shakes were filled with ice crystals.
The size and location of these internal shakes
seemed to affect the pattern of frost crack develop-
ment. In the samples where large ring shakes were
present in the outer layer of the wetwood, the inner

end of the frost cracks was connected to the ring
shakes and did not extend inwardly beyond the ring
shakes. On the other hand, in trunk samples with
only radial shakes, the depth of the frost cracks
varied ; some extended from the bark to the periph-
eral layer of the wetwood while others extended
from the bark to the pith of trunk. These results
suggest that the occurrence of frost cracks is close-
ly associated with the presence of wetwood and
internal shakes in the wetwood region.

3. In order to investigate the role of the freezing
of wetwood in the occurrence of frost cracks,
changes in the width of a frost crack and dimen-
sional changes in the radius of wetwood taken from
trees with frost cracks during freezing were obser-
ved. Firstly, changes in the width of an old frost
crack on a small section of Abies sachalinensis dur-
ing freezing and thawing were measured. The
frost crack was closed in a thawed state at room
temperature (+20°C). However, during the freez-
ing process, the frost crack began to re-open as the
wetwood, located in the heartwood, began to freeze
at about —~1°C. A marked increase in the width of
the crack was seen during the freezing period.
However, further cooling of both the wetwood and
the peripheral layer of the sample trunks from —1
to —20°C resulted in little increase in the width of
the crack. Secondly, disc-shaped samples of
wetwood were taken from the trunks of A. sa-
chalinensis with frost cracks, and dimensional
changes in the radius of these samples during freez-
ing and thawing were measured.- Similar measure-
ments were also conducted on disc-shaped samples
taken from the trunks of A. sachalinensis and Frax-
inus mandshurica var. japomica in which frost
cracks had not occurred, and the behavior of
dimensional changes during freezing and thawing
was compared with that of the wetwood samples
taken from frost cracked trunks. The samples of
wetwood taken from trunks in which frost cracks
had been formed swelled radially during freezing at
about —1°C and recovered to the initial dimensions
during the following thawing process. However,
the samples of wetwood taken from trunks in
which frost cracks had not been formed did not
increase in radial dimension during freezing at
about 17T, even in cases where the samples
contained the same level of moisture as the
wetwood samples taken from trunks with frost
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cracks. In the disc-shaped samples taken from
trunks in which frost cracks had occurred, many
internal shakes such as ring and radial shakes were
present. The intercellular spaces of the internal
shakes were found to enlarge in a frozen state due
to ice segregation, while such spaces were closed in
a thawed state. On the other hand, in the disc-
shaped samples taken from trunks without frost
cracks, the internal shakes were smaller both in
number and size than the samples taken from frost
cracked trunks, or in some cases, no internal
shakes were present. These results suggest that
the opening of frost cracks is closely associated
with the swelling of wetwood during freezing, and
that swelling is associated with ice segregation oc-
curring in the intercellular spaces of internal
shakes.

4. In order to further explore the role of ice seg-
regation occurring in the intercellular spaces of
internal shakes in the occurrence of frost cracks, a
frost cracked trunk of A. sachalinensis was selected
for examination. The location of moisture and the
state of deformation of wood tissues at and around
the internal shakes were examined under frozen
conditions by cryo-scanning electron microscopy.
In the wetwood, almost all the lumina of cells were
filled with ice crystals, although lumina of tra-
cheids, which were located near the pith side
fractured plane of ring shakes, were often cavitat-
ed. The intercellular spaces of the internal shakes
were also filled with ice crystals. No collapse of
cells was found around the internal shakes irre-
spective of the types of shake. The role of internal
shakes in the occurrence of frost cracks was consid-
ered on the basis of available anatomical evidence.
It is unlikely that enlargement of the intercellular
spaces of internal shakes due to ice segregation is
counterbalanced in other spaces of wood since no
collapse of cells was found. It is possible that the
enlargement of intercellular spaces of internal
shakes contributes to the increase in the volume of
wetwood during freezing.

5. In order to characterize the topography of the
fractured surfaces of frost cracks and internal
shakes, as well as to evaluate temperatures when
internal shakes were formed, fractured planes of
both the frost cracks and the internal shakes of A.
sachalinensis were examined by light microscopy
and scanning electron microscopy. Similar features

were found in the fractured planes of the frost
cracks and the internal shakes. The separation
between tracheid walls occurred in the SI layer of
the secondary walls. The separation between tra-
cheids and ray parenchyma seemed to occur in the
primary walls of ray parenchyma. In both types of
separations, however, transwall failure was often
found in both the tracheids and ray parenchyma.
On the fractured planes of the separation between
tracheids, it was found that the pit border was fre-
quently broken. These findings were compared
with those of previous studies which examined the
effects of temperature on the topography of fractur-
ed surfaces separated by tensile failure. According
to the results of previous studies, frequent transwall
failure and destruction of the pit border are fea-
tures indicating that separation occurs under lower
than normal temperature. Therefore, it is conclud-
ed that the developmental process of the internal
shakes is associated with a level of low tempera-
ture similar to the occurrence of frost cracks.

6. The above findings suggest that ice segrega-
tion occurring in the internal shakes strongly con-
tributes to the occurrence of frost cracks. In order
to evaluate the suggested causes of frost crack
occurrence based on analyses using trees with natu-
rally formed frost cracks, experimental induction of
frost cracks was attempted on a small section of
trunk. The first experiment was designed to pro-
vide a radial temperature gradient in a trunk sam-
ple of Populus sieboldii and Ulmus japonica. In the
second experiment, water-penetrated discs taken
from trunks of P. sieboldii and Fraxinus mandshur-
ica var. japomica were simply transferred from a
room at about +20C to a refrigerator at —80<C.
As a result, frost crack-like splits extending from
the wood to the bark (artificial frost cracks) were
induced in some of the sample discs in the second

experiment while such cracks were not induced in

any sample in the first experiment. In the sample
discs in which the artificial frost cracks were in-
duced, large-sized internal shakes were formed.
However, in the sample discs in which no artificial
frost cracks were induced, the internal shakes were
smaller both in size and in number than those in
the sample discs with artificial frost cracks.
Artificial frost cracks seemed to occur when the
spatial occupancy of the internal shakes (expressed
as “area of the intercellular spaces of the internal
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shakes / area of the wood” on the transverse sec-
tion) exceeded a certain limit, approximately 0.8%.
The experimental rusults also suggest that there is
a close relationship between the occurrence of frost
cracks and the presence of internal shakes.

The findings obtained in the present study strong-
ly suggest that ice segregation, occurring in the
intercelular spaces of internal shakes located in
wetwood at a continuous sub-zero temperature, is
one of the primary factors causing frost cracks to
occur. It is likely that ice segregation during freez-
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ing induces an increase in the volume of wood, as
well as an abnormal deformation of trunks. This
deformation of the trunk would lead to large tan-
gential tension stress in the peripheral layer of the
trunk, which would result in the occurrence of frost
cracks. Other factors, such as anisotropy of frost-
induced shrinkage of wood, extremely low tempera-
tures and trunk wounds, only occasionally contrib-
ute to the occurrence of frost cracks, and are thus
not considered to be primary causative factors.
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