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Abstract

　　The load created by snow greatly affects forest trees; however, almost no studies have reported on the 
mechanical stress in tree trunks due to snow under field conditions. In this study, we monitored trunk 
bending stresses using strain gauges during the snowfall season at two sites, Tadami and Kaneyama, both in 
a cool-temperate forest in Japan. Measurements were made of the various sizes and trunk shapes of beech 
trees at Tadami, and of beech trees and Japanese cedars at Kaneyama. Young’s modulus and bending 
strength were also measured. At Tadami, beech trees with substantially curved trunks often bent down to 
the ground surface soon after snowfall started. The strain no longer increased once a tree had lodged; 
however, individuals with larger diameters had stresses exceeding the proportional limit stress. By contrast, 
among beech trees with erect trunks, those with larger diameters had smaller maximum strain and 
estimated stress values. These results imply that in areas greatly affected by snow, beech trees struggle 
both to remain erect and to grow to diameters of 10 cm or more. At Kaneyama, large strain values 
exceeding 1 % were observed in trees with a diameter at breast height ≤7 cm, all of which were cedars. 
Among trees of the same diameter, strain values were lower in beech trees than in cedars, and Young’s 
modulus was three times larger for beech trees. These results indicate that it is more difficult to grow erect 
cedars compared to erect beech trees in regions with deep snow.
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1.　Introduction

　　Accumulated snow can mechanically stress trees in 
snow-covered regions, considerably affecting tree and 
forest growth, and it has been reported that the 
vegetation established in natural forests varies depending 
on accumulated snow depths, which are influenced by 
wind direction (Onodera, 1995). Avalanches can also affect 
forest regeneration in mountainous areas (Kajimoto et al., 
2002). In planted and secondary forests in snowy regions, 
trees often suffer from problems such as broken trunks, 
buckling, and uprooting (Cremer et al., 1983; Curtis, 1936; 
Díaz-Yáñez et al., 2017; Hanewinkel et al., 2011; Hlásny et 
al., 2011; Martín-Alcón et al., 2010; Shidei, 1954; Valinger, 
1997; Wallentin and Nilsson, 2014; Zhu et al., 2006). In 
addition, trees in deep-snow regions often have deformed 
roots and trunks because of pressure attributed to the 
movement of accumulated snow on slopes (Charles et al., 
1972; Shidei, 1954). Bebi et al. (2009) reviewed the 

interactions between avalanches and forest vegetation 
and suggested a two-way interaction between forest 
structure and avalanches. Therefore, understanding the 
mechanical impact of snow cover on trees could elucidate 
snow cover dynamics on mountain slopes.
　　However, few studies have directly measured the 
mechanical stress in trees in a forest during a period of 
snow cover. To understand the mechanisms that impact 
the distribution of forest vegetation and tree growth due 
to snow, the magnitude of the external forces exerted by 
snow must be measured, and the extent of trunk damage 
by snow must be evaluated. Multiple methods have been 
used to calculate the pressure of snow on an object on a 
slope (e.g., Haefeli, 1939; Margreth, 2007), and one study 
estimated the pressure on a single tree trunk using these 
methods (Viglietti et al., 2013). By contrast, other studies 
have assessed the strength of tree trunks and the extent 
of root spread under different snow loads and pressures 
(Cannell and Morgan, 1989; Höller et al., 2009; Päätalo et 
al., 1999; Peltola et al., 1997). However, few studies (e.g., 
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Takahashi et al., 1968; Yamanoi 2006) have measured 
these factors in trees in a forest.
　　There are various devices for measuring the magni-
tude of such forces in the field, including displacement 
meters (e.g., Milne, 1991), strain gauges (e.g., Blackburn, 
1997; Ennos, 1995), accelerometers (e.g., White et al., 1976), 
and inclinometers (e.g., Flesch and Wilson, 1999). Among 
these, the strain gauge has two notable advantages: it is 
small and relatively inexpensive, and it enables direct 
measurement of tree deformation, which is easily 
converted into mechanical stress. Strain values can be 
used as a direct indicator of the damage caused to the 
trees measured. Ennos (1995) studied the magnitude of 
stress in trees in a forest using an artificial load against 
buttress roots. Other studies have measured dynamic 
bending moments during wind (Moore et al., 2005; 
Minamino and Tateno, 2014) and quantified the risk of 
wind damage (Suzuki et al., 2016). However, none of these 
studies used strain gauges in a snowy area to measure 
damage to tree trunks by snow in a forest setting.
　　In this study, we used strain gauges to measure the 
deformation of tree trunks during a snow-cover period to 
clarify the effects of snow on the trunks. We also meas-
ured the wood strength required to convert the strain 
values to stress values to assess the risk of trunk 
collapse. Our goal was to reveal patterns of stress due to 
snow in beech trees of different sizes and trunk shapes, 
and to compare stress patterns between sympatric beech 
and cedar trees.

2.　Materials and Methods

2.1　Study site
　　The study was conducted at two forest sites, Tadami 
and Kaneyama, both of which are located in Fukushima 
Prefecture, Central Japan (Fig. 1). This region is in the 
cool-temperate zone and is characterized by heavy 
snowfall. Climate information was obtained from the 
nearest meteorological stations to Tadami (37°20.6′N, 139°
18.8′E, 377 m a.s.l., 1.5 km south-southeast of the exper-
imental site) and Kaneyama (37°28.4′N, 139°31.7′E, 296 m 
a.s.l., 3.2 km south-southwest of the experimental site). 
The respective average daily mean temperature, maximum 
temperature, minimum temperature, precipitation, and 
maximum snow cover height of the snowfall season 
(December‒April) were 1.3 ℃, 5.7 ℃, －2.5 ℃, 1107 mm, and 
238 cm for Tadami in 2013-2014, and 1.2 ℃, 6.0 ℃, －2.4 ℃, 
916 mm, and 316 cm for Tadami in 2014-2015; and 3.2 ℃, 
7.9 ℃, －0.4 ℃, 809 mm, and 130 cm for Kaneyama in 
2015-2016 (Japan Meteorological Agency). Note that～
40 % of the observed annual precipitation at both sites 
was from December to March, primarily falling as snow. 
The unique vegetation of this region is affected by snow, 
and deciduous tree species such as Fagus crenata, Quercus 
crispula, and Acer species are dominant on mountain 
ridges and gentle slopes. Evergreen coniferous species 
such as Cryptomeria japonica, which occurred only at the 

Kaneyama site, Pinus parviflora var. pentaphylla, and 
Thuja standishii are also present, but they are only found 
on ridges. Only short-tree species such as Hamamelis 
japonica, Weigela hortensis, and Camellia rusticana are 
observed on steep slopes; there are few tall-tree species, 
and shrubs are mixed. Furthermore, the mountains in 
this region have some extreme slopes with herbaceous 
species and exposed bedrock. Until the 1960 s, these 
forests were used for anthropogenic activities such as 
logging for timber and fuelwood. Thereafter, they 
regenerated naturally.
　　In this study, we focused on Japanese beech (Fagus 
crenata), a species of deciduous broadleaved tree and a 
dominant species in snowy areas in Japan, and Japanese 
cedar (Cryptomeria japonica), an evergreen needle-leaved 
tree that grows with beech trees. The beech usually has 
an erect trunk and propagates seeds when it reaches 
maturity. However, in snowy areas, it has a dwarf 
phenotype with many branches as a result of the 
influences of slope inclination and snow depth (Homma, 
1997; Tanimoto, 1993).
　　At the Tadami site, we set experimental plots along 
two mountain slopes facing northeast (NE) and southwest 
(SW) near the top of Mt. Yogaisan (37°21′23″N, 139°18′
31″E, 705 m a.s.l.) (Fig. 2). We chose the NE and SW 
slopes because they show clear environmental differences. 
Generally, accumulated snow is deeper on the NE slope 
than on the SW slope because of the direction of the 
seasonal wind. In particular, on the lower NE slope, 
avalanches frequently occur, resulting in a number of 
deformed slender trees and very few erect trees. A 
number of erect, adult beech trees grow in the upper 
area of the NE slope, and throughout the SW slope: 

Fig. 1.　Study sites. Map of Japan and the locations of the 
Tadami and Kaneyama sites. The base map was created 
using “MapMap6.0” [Kamada, T., http://www5b.biglobe.
ne.jp/t-kamada/CBuilder/mapmap.htm].
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however, both slopes also have some deformed trees that 
may be the result of local environments. At the 
Kaneyama site, measurements were taken at points on 
the SW slope, along the ridge (670 m a.s.l.; Fig. 3) leading 
to the summit of Kokudoyama (37°30′28″N, 139°33′02″
E, 858 m a.s.l.). Individual erect beech trees and cedars 
are found at most of these points.

2.2　Data collection
2.2.1　Monitoring trunk bending
　　Trunk bending was measured using strain gauges. 
Two active gauge bridge circuits were used to measure 
bending strain; strain gauges attached to points facing 
the mountain and valley sides of a tree (Fig. 4). If the tree 

trunk fell towards the valley side (applying tensile force 
on the mountain side and compressive force on the valley 
side), both gauges produced positive output values. If the 
tree trunk bent towards the mountainside, they produced 
negative output values. These values were divided by 
two to yield a bending-strain value. A network-based 
measuring instrument (Tokyo Measuring Instruments 
Lab., Tokyo, Japan) was used (TML-NET) to record the 
measured values. The strain gauges on two trees were 
connected to one of the network modules (NSW-024C; 
Tokyo Measuring Instruments Lab.), each of which was 
connected to one data logger controller (MD-111; Tokyo 
Measuring Instruments Lab.). Using the data logger, 
instantaneous values were recorded at 30-min intervals 
(or 10-min intervals for measurements starting in 2013). 

Fig. 2.　Topographical map of the area around the Tadami 
site (a), and schema of the SW slope (b) and the NE slope 
(c). The numbers in panels (b) and (c) correspond to the 
numbers of individual trees that were measured (Table 
1) and represent the measurement points. On both the 
SW and NE slopes, a number of erect beech trees were 
present in the upper parts (as seen in Fig. 4b), and many 
deformed individuals were located in the lower parts (as 
seen in Fig. 4c). The topographical map was created using 
‘Web Contour Maker’ (Tani, 2015). The cross-sections 
of the slopes were created using “GSI Map” [Geospatial 
Information Authority of Japan (GSI), https://maps.gsi.
go.jp/].

Fig. 3.　Topographical map of the area around the Kaneyama 
site (a), and schema of the SW slope 1 (b) and the SW slope 
2 (c). The lower 1 and lower 2 points on the SW slope 2 
were different locations, but are shown together for 
convenience. The numbers in the diagram correspond to 
the numbers of individual trees measured (Table 2) and 
represent the measurement points. The topographical 
map was created using ‘Web Contour Maker’ (Tani, 2015). 
The cross-sections of slopes were created using “GSI Map.”
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The upper limit for the measured values was～30,000 µε, 
the sum of the tensile and compressive side values. The 
network module was placed in a robust plastic case, 
waterproofed, and buried near the target tree. The logger 
controller was installed in a control facility operated by 
the Electric Power Development Co., Ltd. (J-power; 

Tokyo, Japan) at the Tadami site, from which power was 
supplied at 100 V. At the Kaneyama site, the logger 
controller was installed at the base of a large tree on the 
ridge, and then 40 AA batteries were connected (4 in 
series×10 in parallel) to create a power source. Wires 
were placed along the slope and buried in the ground.
　　At the Tadami site, one large (diameter at breast 
height [DBH]＞30 cm) tree, and one small (DBH＜10 cm) 
tree were selected at each study point (22 individuals in 
total; Fig. 2a; Table 1). A strain gauge was attached to 
the point with the maximum curvature near the ground 
in the case of erect trunks (Fig. 4b), and to a point at 
which the trunk did not touch the ground, as near to the 
base as possible, for substantially curved trunks (Fig. 4c). 
These points were chosen because they were expected 
to provide the highest bending or mechanical stress 
values; on average, they were at points 50-100 cm from 
the tree base. To ensure firm attachment of the gauge, 
bark and the cambium layer were stripped from the 
target site (～3 cm in length×2 cm in width) to expose 
the wood. Cyanoacrylate adhesive (CN; Tokyo Measuring 
Instruments Lab.) was applied to the rear of the strain 
gauge (FLA-3-11-5 L; Tokyo Measuring Instruments Lab.), 
which was then held in place by hand for 1 min. The 
exposed wood with the attached gauge was covered with 
isobutylene-isoprene rubber tape, and then vinyl tape was 
wrapped around for waterproofing. Measurements were 
recorded during two periods: from 18 November 2013 to 
16 April 2014, and from 11 November 2014 to 30 May 
2015; however, tree Nos. 1 and 2 on the SW slope were 
measured only during the first period, and tree Nos. 11-
22 on the NE slope were measured only during the 
second period. When the gauge was attached, we 
measured the DBH, the trunk diameter of the target 
individual at the gauge attachment site, and the slope 
inclination angle (mean inclination angle in a range of 
approximately 2 m in the direction of inclination at the 
tree base) (Table 1). Furthermore, the depth of accumu-
lated snow near the base of the tree was measured using 
a probe on 26 February 2014 and on 3 March 2015. Based 
on the Automated Meteorological Data Acquisition 
System (AMeDAS; Japan Meteorological Agency), data 
for neighboring areas and the maximum depth of 
accumulated snow was recorded in late February.
　　At the Kaneyama site, strain measurements of two 
to four individuals were conducted at each study point, 
including 11 beech trees, and 13 cedars (Fig. 2b; Table 2). 
In November 2015, strain gauges were attached to the 
trees following the same procedure as at the Tadami site, 
and measurements were recorded from 13 November 
2015 to 2 April 2016. On 13 March 2016, the depth and 
density of accumulated snow were measured using a 
probe and by observing a cross-section of accumulated 
snow, respectively, at each study point.

2.2.2　Mechanical properties of the tree trunks
　　The three-point bending test was conducted on 

Fig. 4.　Image of measuring set-up. (a) Strain gauges were 
attached to the trunks. (b) Trees with erect trunks among 
those to be measured (Nos. 11 and 12 at the Tadami site) 
and schema of strain-gauge attachment. (c) Trees with 
substantially curved trunks among those to be measured 
(No. 17 at Tadami site) and schema of strain-gauge 
attachment.
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beech and cedar trees growing near the strain measure-
ment site at Kaneyama to estimate Young’s modulus, 
proportional limit stress (PLS), and fracture stress. We 
sampled 10 beech specimens with a length of 1 m and a 
diameter of 1.8-6.2 cm, and 7 cedar specimens with a 
length of 1 m and a diameter of 2.5-6.5 cm. Meas urements 
were recorded at the Forest Products Research Institute 
in Tsukuba, Japan in early June 2016. We used a TCM-
10000 (Minebea Inc.) to measure the specimens with 
diameters＞3 cm, which were measured at a loading rate 
of 10-20 mm min－1 using the concentrated load method; 
the distance between fulcrums was set to 800 mm. A 
displacement meter (DP-500E; Tokyo Measur ing 
Instruments Lab.) was attached to the middle of the rear 
side of the specimen to measure the displacement. 
Specimens with a diameter＜3 cm were measured by the 
concentrated load method, with the distance between 
fulcrums set to 420 mm and using an Olsen material 
testing machine (Mori Testing Machine Corp.). The test 
was conducted in accordance with JIS Z 2101. Similarly, a 

displacement meter (CDP-50 M; Tokyo Measuring Instru-
ments Lab.) was attached to specimens to measure the 
displacement. The maximum stress (bending strength) 
and PLS were calculated based on the maximum load 
obtained during testing or load under the proportional 
limit condition using the following formula:

σ＝ LP
2Z 　　　　 (1)

where σ is the maximum stress or the PLS (N mm－2), L 
is the distance between fulcrums (mm), P is the maximum 
load or load under the proportional limit condition (N), 
and Z is a section modulus (mm3).
　　The load under the proportional limit condition was 
assumed to be the load obtained when displacement 
amplitudes with maximum loads of 10 % and 40 % (30 % 
for some specimens) were connected by a straight line, 
and 2 % deviation (3 % for some specimens) from this line 
was observed. Based on this inclination line, Young’s 
modulus E (kN mm－2) was calculated using the following 

Table 1.　Trees for the strain measurement at Tadami site.

All listed individuals are Fagus crenata. * : measured on 26th February, 2014 (on the day AMeDAS 
presented the daily maximum snow depth of 181 cm), on the SW slope, and on 3rd March, 2015 (that of 
235 cm), on the NE slope.
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formula:

E＝ aL3

48I･103　　　　 (2)

where a is the inclination of the load/displacement 
magnitude line (N mm－1), L is the distance between 
fulcrums (mm), and I is a cross-sectional secondary 
moment (mm4).
　　After the bending test, specimens were sliced into 
rounds around the middle point to obtain disks of several 
centimeters thickness, and these specimens were used to 
measure moisture content (%; by the full-drying method) 
and wood density (kg m－3).
　　Based on the obtained Young’s modulus, the strain 
under the proportional limit was estimated. The 
correlation between the strain ε and the stress (N mm－2) 
was obtained using the following formula:

ε＝ σ
E･103　　　　 (3)

The strain measurements had both positive and negative 
values, whereas the stress value was expressed by its 
absolute value.

3.　Results

3.1　Seasonal patterns of trunk bending and strain
　　At the Tadami site, large trees with a DBH＞30 cm 
showed almost no strain at any of the study points (Nos. 
4, 6, 10, and 11; Fig. 5b, d, & e, Table 1). However, three 
patterns of changes in strain were observed in mid-sized 
to small trees. The first pattern included the observation 
of considerable strain immediately after the start of 
snowfall and the maintenance of a particular strain value 
during the snow-cover period. Afterward, the trees were 
rapidly relieved from strain at the end of the snow-cover 

Table 2.　Trees for the strain measurement at Kaneyama site.

　　　　　* : measured at 13th March, 2016 (on the day AMeDAS presented the daily maximum snow depth of 44 cm).
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Fig. 5.　Strain-measurement results at the Tadami site. (a) Changes in the maximum depth of accumulated snow observed by AMeDAS 
(2013-2014). (b) Changes in the strain in trees on the SW slope (2013-2014). (c) Changes in the maximum depth of accumulated snow 
observed by AMeDAS (2014-2015). (d) Changes in the strain in trees on the SW slope (2014-2015), (e) the upper NE slope (2014-2015), 
and (f) the lower NE slope (2014-2015). The numbers on each panel indicate the individual tree numbers. Asterisks (*) indicate that 
data were lacking or stopped early in the season. Arrows show the mean strain value when the proportional limit stress (Table 3) 
was reached.
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Fig. 6.　Strain measurement results at the Kaneyama site. (a) Changes in the maximum depth of accumulated snow observed by 
AMEDAS. (b) Results of trees on the SW slope (c); upper SW slope 2 (d); lower SW slope 2 lower 1; and (e) SW slope 2 lower 2. 
The numbers in each panel indicate individual tree numbers. The arrows on each panel show the mean strain values when the 
proportional limit stress (Table 3) was reached for Japanese beech trees (Fagus crenata, Fc) and Japanese cedars (Cryptomeria 
japonica, Cj), respectively.
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period. In the second pattern, there was a rapid increase 
in strain after the start of snowfall, and the strain value 
soon exceeded the measurement limit. In the third pat-
tern, the strain increased gradually toward the late snow-
cover period, reached its peak, and then decreased. The 
first pattern was observed in a very slender individual 
(No. 2 on the upper SW slope) and in individuals with a 
DBH＜7 cm (No. 7 in 2014-2015 and No. 9 in 2013-2014; 
Fig. 5b & d, Table 1) among individuals with substantially 
curved trunks. The second pattern was observed in erect 
individuals (Nos. 3, 5, and 13; Fig. 5b, d, & e, Table 1) on 
the relatively steep slope and deformed individuals (Nos. 
8 and 15; Fig. 5b, d, & e, Table 1) with a relatively large 
DBH (～9 cm). The third pattern was observed in 
individuals with a DBH of 10-30 cm on the upper NE 
slope (Nos. 12, 14, and 16; Fig. 5e, Table 1), and the 
maximum strain decreased with larger DBH values. In 
addition to these patterns, on the lower NE slope, where 
avalanches frequently occurred, strain values changed 
considerably (Nos. 17-22; Fig. 5f) . Data for some 

individuals are missing in the middle of the study period 
because the gauges and lead lines were destroyed.
　　At the Kaneyama site, large strains ＞1 % were 
observed in slender trees with a DBH ≤ 6 cm, all of which 
were cedars (No. 3, 5, and 17, but for No. 21; Fig. 6b &d, 
Table 2). In 2015, at the Kaneyama site, the snowfall 
season started on 27 December, after which the strain 
values of the slender cedars changed substantially. The 
strain values observed in beech trees with a DBH ≤ 6 cm 
were far smaller than those observed in cedars (trees 4, 6, 
8, 10, and 22; Fig. 6b, c, & e; Table 2). The measurement 
data of all individuals demonstrated that maximum strain 
values were higher in cedars than in beech trees with 
the same DBH. However, a significant difference was 
observed for individuals with a DBH ≤ 10 cm (Fig. 7).

3.2　Bending stress in the field
　　The bending tests showed that estimated mean 
strain values using Eq. (3) under the PLS were 4,150 µε 
for beech trees and 6,730 µε for cedars (Table 3). 
However, no proportional relationship was established 
between stress and the deformation volume when the 
PLS was exceeded. Therefore, the strain value under 
maximum stress could not be determined using Eq. (3). 
Accordingly, based on our preliminary measurements, 
the strain values under maximum stress were estimated 
to be 30,000-50,000 µε.
　　The stress on trunks of substantially curved beech 
trees at the Tadami site showed a tendency to be higher 
with increasing DBH. Individuals 2 and 9 had approxi-
mately the same amount of stress, or less, than the mean 
PLS values (Fig. 5b). However, the stress on tree 7 in 
2014-2015 was continuously maintained at a level 
exceeding the PLS (Fig. 5d), and the stress on trees 8 and 
15 far exceeded the PLS (Fig. 5b, d, & e). Furthermore, 
all individuals on the lower NE slope were possibly 
exposed to stresses considerably higher than the PLS 

Fig. 7.　Comparison of maximum strain values in beech and 
cedar trees by DBH based on values measured at the 
Kaneyama site. Absolute strain values are used. Cj, C. 
japonica; Fc, F. crenata.

Table 3.　Result of bending test.

                      * : Moisture content (%)＝(mass of water in specimen)/(mass of oven-dried specimen)＊100
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(Fig. 5f). However, the stresses on erect individual trees 
were lower for trees with a larger DBH. Small trees (Nos. 
3 and 5 on the SW slope, and No. 13 on the NE upper 
slope; Fig. 5b, d & e) appeared to experience stress 
higher than the PLS, and the peak stress recorded 
exceeded the mean PLS and was in No. 14, which had a 
DBH of 10 cm and was located on the NE upper slope 
(Fig. 5e). The stress in individual trees with larger DBH 
values was likely lower than the PLS (Nos. 11, 12, and 16, 
Fig. 5e).
　　At the Kaneyama site, it was estimated that cedar 
individuals with a DBH of 3-6 cm (Nos. 3, 5, and 17, 
excluding 21; Fig. 6b, d & e) had stress values exceeding 
the PLS. The stress values of all the beech trees were 
below the PLS values. It was estimated that individuals 
with a DBH ≤ 7 cm (trees 4, 6, 8, 10, 14, and 22; Fig. 6b, c, 
& e) experienced higher stress.

4.　Discussion

4.1　Strain patterns and loading of tree trunks
　　The states of tree trunks during snow cover can be 
predicted based on changes in strain values. Pattern one 
in the abovementioned results occurred when a tree 
trunk suddenly lodged on the ground surface at the start 
of snowfall because of the weight of snow. We considered 
the strain value, which rapidly returned to almost zero at 
the end of the snow-cover period, to reflect the state 
while the trunk was bending towards the ground surface; 
the strain was suddenly released when the snow melted. 
The strain in No. 9 did not return to zero at the end of 
the measurement period because it remained buried 
under the snow. Pattern two included trees did not fully 
lodge while the strain values were being observed. In 
these trees, a significant increase in strain values was 
observed shortly after snowfall started, and as snow 
cover developed on the slope the trees experienced 
greater strain. Pattern three was associated with erect 
tree trunks in the snow, for which data were acquired 
throughout the season. Similar to pattern-two trees, in 
which strain increased as snow accumulated on the slope, 
peak strain occurred around the time when the depth of 
accumulated snow started to decrease. This implies that 
the load on trees continued to increase until the start of 
snow melting because of snow creep, consolidation, glide, 
and other factors. The late restoration of tree 12 from 
strain was due to differences in the depth of accumulated 
snow among study points.
　　For trees Nos. 3-10 (excluding Nos. 7 and 9) at the 
Tadami site, we monitored strain during two snow seasons 
(2013-2014 and 2014-2015). The two winters had different 
snowfall patterns and snow cover depths: cover was 
higher during the second season throughout the season, 
and the maximum depth was greater. A comparison of 
the results for the small erect trees (Nos. 3 and 5) shows 
that trunk strain was dependent on snowfall patterns and 
snow cover depth (Fig. 5a-d). Tree No. 8, which had a 

mostly deformed trunk, experienced more substantial 
trunk strain in the second season than in the first season 
(Fig. 5b & d). This implies that even in the case of a tree 
with a substantially curved trunk, the trunk does not 
always bend consistently, or it needs to experience 
substantial strain to bend fully.
　　At the Kaneyama site, where the levels of accumu-
lated snow were lower, almost all individuals with a DBH
＞6 cm maintained an erect position. The observed strain 
values were often negative, indicating bending toward 
the mountainside, and the pulsed values likely reflect 
wind vibrations. The negative strain values during the 
experimental period seen in No. 21 (Fig. 6e) were possibly 
due to a faulty wire connection, with the mountain-side 
and valley-side strain gauges switched.

4.2　Growth in a heavy snow environment: the case of 
beech trees at the Tadami site

　　Figure 8 shows the growth patterns of beech trees 
at the Tadami site in a heavy snow region. First, young 
trees easily became lodged on the ground surface, 
thereby escaping the load on them. However, as the 
trees’ diameter increased, they grew more erect, making 
it difficult to lodge, because the wood of live trees has a 
limited deformation volume of ～3 % (Minamino, unpub-
lished data). Therefore, as trunk diameter increased, a 
more substantially curved trunk was required to lodge on 
the ground surface. Even in an environment in which 
there were erect trees nearby, the trunks of erect 
saplings with a DBH＜10 cm (trees 3, 5, and 13) were 
exposed to stress that exceeded the maximum stress 
level. If such trees are able to continue growing and 
thickening, they will become capable of enduring the 
pressures exerted by snow, as indicated by the results 
from the upper NE slope. However, if they are continually 
exposed to excessive snow pressure, they are forced to 
lodge on the ground surface for long periods. The results 
for the trees on the lower SW slope show that trees 
lodged on the ground surface are able to escape further 
snow pressure. However, they are inevitably exposed to 
high stress as their DBH approaches or exceeds 10 cm 
(c.f. trees 8 and 15). Therefore, even in the case of 
individuals with substantially curved trunks, lodging on 
the ground surface becomes more difficult as the trunk 
thickens, and they therefore become exposed to greater 
stress. At points where the snow layer moves rapidly, as 
seen on the slopes prone to avalanches, both slender and 
deformed individuals received substantial irregular 
stresses. Previous studies have shown that the trunks of 
trees growing on slopes that lack tall trees due to snow 
had a DBH＜10 cm in almost all cases (Tanimoto, 1993; 
Onodera et al., 1995). Our results support these prior 
studies in terms of the mechanics involved.
　　Our findings can be used to determine the conditions 
under which beech trees can grow in an erect position. 
The maximum strains on the saplings in our study with 
DBH ≤ 10 cm can be explained by the slope inclination 
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angle and the maximum depth of the accumulated snow, 
as listed in Table 1. The following regression equation 
was obtained by multiple regression analyses (coefficient 

of determination, r2＝0.66):

(maximum strain)＝154.1×(slope angle)  
　＋4527.3×(max. snow cover depth)－504.2 (4)

Both the depth of the accumulated snow and the slope 
inclination angle have positive effects on the maximum 
strain (p value was＜0.05, for coefficient of each ex-
planatory variable), and large strains exceeding 15,000 µε 
were observed in saplings when their combination 
exceeded a certain level, for example, when both the 
slope inclination angle and depth of accumulated snow 
exceeded 30° and 3 m, and 45° and 1.5 m, respectively 
(Fig. 9). The snow pressure of 50-170 kPa estimated using 
the maximum moment values for erect beech trees with 
a DBH of 15-30 cm (Nos. 11, 12, 14 & 16) indicates that 
beech trees struggled to grow in an erect position in 
more severe environments. Aiura (1996) showed that the 
amounts of snow glide and pressure were～1 m and 100-
300 kPa, respectively, during one winter season at a site 
with an accumulated snow depth＞3 m and a slope 
inclination angle of～35°,  which is similar to the 
conditions on the upper NE slope at the Tadami site. Our 
estimated values are comparable to those of Aiura (1996). 
However, Homma (1997) estimated the snow pressure at 
a heavy-snowfall mountain site using Haefeli’s snow-
pressure estimation equation and demonstrated that 
erect beech trees might grow at snow-pressure levels of
～10-15 t per the area of (snow depth)×(1 m width). 
These values are equivalent to 30-50 kPa, assuming that 
the snow cover depth is 3 m. This value is quite small 
compared to the results of our study and that of Aiura 
(1996). However, it may be difficult to estimate snow 
pressure at a given point under local conditions. 
According to measurements by Yamaya and Tsukahara 
(1996), the snow pressure on a valley (concave) slope was 

Fig. 8.　Growth progress of the aboveground part of beech 
trees in snowy regions. (a) The trees lodge relatively 
easily on the ground surface during the snow-cover 
period once they have grown from seed to reach a DBH 
of several centimeters. (b) As growth thickness increases, 
trees resist the pressure of the snow and remain erect, 
which makes it difficult for them to lodge. Large stress is 
experienced by individuals with DBH ～10 cm. (c) Trees 
continue to increase in thickness and become capable of 
withstanding the snow pressure. (d) By contrast, if trees 
are exposed to excessive snow pressure over a long time, 
they continue to lodge on the ground surface, but large 
stresses are exerted on deformed tree trunks once they 
reach a DBH of 10 cm. Thickening induces a further 
increase in stress, causing the tree to be deformed.

Fig. 9.　Plots of beech tree individuals observed at both the 
Tadami and Kaneyama sites against the slope inclination 
angle and the maximum depth of accumulated snow. 
“Sapling” represents an individual with a DBH ≤10 cm. 
The broken line in the figure represents the boundary 
line dividing the two areas where tree individuals with a 
maximum strain ＜15,000 µε were located.
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about twice that on the ridge (convex) slope, even in 
places under the same local conditions. In the future, we 
aim to collect snow-pressure measurement data that will 
help us to quantitatively clarify the potential vegetation 
distribution regions for various species of trees, in 
addition to beech trees.

4.3　Differences between cedars and beech trees
　　We observed considerable differences in the physical 
properties of the live wood materials between the cedar 
and beech trees studied. Peltola et al. (1997) concluded in 
their snow-damage risk-prediction model that crown 
areas, where snow may deepen, are larger for evergreen 
needle-leaved trees than for deciduous broad-leaved trees, 
thus ensuring that the former are more susceptible to 
snow damage. However, our results showed no 
considerable differences in the bending moment exerted 
on the point of strain gauges between beech trees and 
cedars, both of which had the same DBH, although only 
small numbers of trees were measured. Thus, the 
primary differences between the beech and cedar trees 
measured in this study are the Young’s modulus values 
and the degree of deformation of trunks. The Young’s 
modulus and bending-strength values of cedars were 
approximately one-third and one-half those of beech trees, 
respectively (Table 3).
　　Our Young’s modulus and bending strength values 
were lower than those previously reported. For air-dried 
wood, Young’s modulus and bending strength are 10-
13 GPa and 83-107 MPa for beech trees, and 7-10 GPa and 
59-82 MPa for cedars, respectively (Department of Wood 
Mater ia ls ,  the Japanese Government Forestry 
Experiment Station, 1975). Generally, the physical 
properties of greenwood are usually weaker than those of 
air-dried wood. According to the Wood Handbook (Forest 
Products Laboratory, 2010), the Young’s modulus and the 
modulus of rupture of green wood are～80 % and～60 % 
of the values of air-dried wood, respectively. According to 
Ido et al. (2012), the Young’s modulus and the bending 
strength of round cedar timber under green and air-dried 
conditions were 7.75 and 7.93 GPa, and 56.0 and 59.8 MPa, 
respectively. Compared to these previous data, the values 
measured in our study were small. This could be caused 
by the conditions of our specimens differed from those 
commonly used for Young’s modulus measurements: the 
two cedar individuals were decayed and blackened at 
their centers. Moreover, the Young’s modulus of cedar 
trees differs among different cultivars. According to 
Yamashita et al. (2000), who measured 18 cedar cultivar, 
a dynamic Young’s modulus was observed within the 
range of 3.63 to 9.71 GPa. The cedars at our study site 
probably have unusually small Young’s modulus values.
　　Our results show that the trunks of cedars bent 
more easily than those of beech trees. Therefore, 
Japanese cedars have a disadvantage compared to beech 
trees in snowy regions in terms of their ability to grow 
into tall trees. Observation shows that cedar trees grow 

in more stable habitats, such as along ridges, than do 
beech trees. However, it is also thought that cedars take 
advantage of the elasticity of their trunks to overcome 
snow cover while young. To elucidate their growth 
strategy, we need to examine the differences in the 
growth rates of trunk diameters between cedars and 
beech trees, because wood strength is proportional to the 
cube of the diameter.

4.4　Issues with strain gauge measurements
　　This study shows that strain gauges can be used to 
determine the magnitude and time-course changes in 
stress in trees in the field during the snow-cover period. 
Installation of gauges at given locations in mountains and 
forests is not easy, and the risks include damage to the 
devices and snow breaking the wires of the strain gauges. 
Nevertheless, strain gauges are simple devices that can 
be used to monitor trees in the field for extended periods 
and serve as a very useful tool for mechanical studies of 
trees in their natural environment. However, there were 
limitations to this study, which should be addressed in 
future studies. First, the strain-gauge recordings of 
certain individuals did not return to zero, even after the 
snow had melted, and the reason for this was unclear. A 
possible reason is that plastic deformation caused 
resistance values to change as a result of a strong force 
being repeatedly exerted on the gauges. Another issue 
was that the method used to measure the deformation of 
trunks made it difficult to determine the cause of stress 
in some instances. For instance, pulsed changes in strain 
were notable in individuals at the Kaneyama site and in 
tree No .  4  at  the Tadami s i te  throughout the 
measurement period; the changes were small and were 
not notable in trees with a large DBH, as was clear when 
converted into stress. These sudden changes may not 
have been caused by snow. Considerable numbers of 
pulses seemed to occur on windy days, when a maximum 
instantaneous wind speed ≥ 10 m s－1 was observed at the 
local AMeDAS meteorological station, and thus may 
reflect the temporal influence of wind. However, 
paradoxically, strain gauges measure the total stress 
under environmental conditions. For example, loads from 
snow and wind may become problematic in trees with 
larger diameters, which maintain their erect shape even 
during the snow-cover period. Therefore, sufficient 
measurements should be taken using strain gauges to 
fully explain the processes underlying the occurrence of 
meteorological damage to erect trees in forests.

5.　Conclusion

　　Deformation of the trunks of beech and cedar trees 
was measured using strain gauges during a snow-cover 
period in a field environment. The measurements 
revealed the magnitude of mechanical stress in trunks 
and the different patterns of stress during the snow-cover 
period: The patterns depended on the environment, tree 
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size, and tree species. Our results are expected to 
elucidate growth processes and forest formation in snowy 
regions.
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