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Abstract The upper distribution limit of tall tree species
Abies mariesii is the timberline in central Japan, and
dwarf pine Pinus pumila dominates above the timberline
to near the summit. My previous studies suggested that
the main cause of the timberline formation is the in-
crease in mortality due to strong wind in winter rather
than low growth due to low summer temperature. This
study evaluated how wind velocity affects timberline
formation and if the altitude of timberline moves up-
ward due to high thermal conditions, by using a lattice
model. Increase in wind velocity throughout the altitude
lowered the altitudes of upper distribution limits of the
two species. On the contrary, prolonged growth period
due to high thermal conditions increased the upper
distribution limit of P. pumila, and the upper distribu-
tion limit of A. mariesii was hardly affected by the
change of growth period. However, the upward shift of
the upper distribution limit of P. pumila due to the
prolonged growth period in the model would not be
realistic because P. pumila had already distributed up to
near the summit. This study concludes that A. mariesii is
a superior competitor to P. pumila at low altitudes with
low wind velocity, but dwarf pine P. pumila can domi-
nate at higher altitudes because A. mariesii suffers severe
mechanical damage due to strong wind in winter, and
that the altitude of the timberline does not move upward
even under high thermal conditions due to global
warming.

Keywords Climatic change Æ Global warming Æ Lattice
model Æ Timberline Æ Treeline

Introduction

Global warming is supposed to largely affect plant
growth and vegetation distribution along altitudinal and
latitudinal gradients. Especially, the increase in temper-
ature is expected to be greater at high altitudes and
latitudes with cold climatic conditions (Bates et al.
2008). Tree growth is limited by low summer tempera-
ture in these regions because the tree growth often in-
creases in warm summer years (Buckley et al. 1997;
Mäkinen et al. 2002). Therefore, tree growth possibly
increases at high altitudes and latitudes by global
warming. Global warming also affects vegetation dis-
tribution. For example, the altitudinal distribution of
ten dominant plant species in California moved upward
averaging 65 m during 30 years (Kelly and Goulden
2008). Plant distribution along an altitudinal gradient
(0–2,600 m above sea level) also moved upward aver-
aging 29 m per decade during 1905–2005 in west Eur-
ope, and this tendency was more conspicuous in the
alpine zone (Lenoir et al. 2008). However, reports have
described that the altitude of treelines does not change
(Paulsen et al. 2000; Juntunen et al. 2002). About half of
the treelines in the world show no change of altitude,
based on meta-analysis (Harsch et al. 2009). Therefore,
assuming that vegetation distribution is determined by
only climatic conditions (temperature and precipitation)
might be an error. From examination of age and size
structures around treelines, some studies speculated that
the altitude of treelines moved upward because young
seedlings and saplings distributed above the treelines
(Batllori and Gutierrez 2008; Sutinen et al. 2012).
However, such speculation would be wrong because
only younger individuals exist at higher altitudes if
mortality is greater at higher altitudes. Therefore, pre-
dicting distribution changes of plants would be difficult
from a snapshot of age and size structures at a given
time.

Treeline physiognomy of Japan differs from that of
North America and New Zealand. The growth of tall
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tree species is inhibited at high altitudes and the trees
become shrubby krummholz around treelines in North
America and New Zealand (Wardle 1968, 1985; Marr
1977). By contrast, tall tree species, such as Abies
mariesii Mast. and Betula ermanii Cham., distribute at
the upper part of the subalpine zone in Japan, and dwarf
pine Pinus pumila Regel scrub distributes above the
Abies-Betula forest zone (Miyajima et al. 2007). The
upper distribution limit of P. pumila scrub is the treeline.
The upper distribution limit of tall tree species A. mari-
esii and B. ermanii is the timberline (i.e., the lower
distribution limit of P. pumila). The physiognomy of
vegetation at high elevation in Japan is similar to that in
central Europe (Wardle 1977), because dwarf pine Pinus
mugo Turra (the same genus as P. pumila) dominates at
high altitudes (Crawford 2008). Tanaka et al. (2009) and
Horikawa et al. (2009) predicted that the distribution
area of A. mariesii and P. pumila in central Japan will
shrink to 15–25 % of the current distribution area by the
year 2100, by using a niche-based model (or correlative
model) that was constructed from correlations between
current distribution area and climatic conditions (tem-
perature and precipitation). Their results mean an up-
ward distribution shift of the timberline and treeline due
to global warming.

The scrub height of P. pumila was largely reduced to
about one-fourth in a slight altitudinal difference of
350 m from the lower distribution limit (2,500 m a.s.l.)
to the upper distribution limit (2,850 m a.s.l.) on Mount
Norikura in central Japan (Takahashi and Yoshida
2009) and was also largely reduced to about one-fifth at
a wind-exposed site compared with a wind-protected site
at the same altitude (Takahashi 2003). Reduction of
scrub height at wind-exposed sites was also observed in
Hokkaido, northern Japan (Okitsu and Ito 1983). Snow
depth is lower at wind-exposed sites such as ridges and
summits than wind-protected sites. Plant tissues above
the snow surface are injured by wind-blown ice particles
at wind-exposed sites (e.g., cuticle abrasion), which
causes winter desiccation (Tranquillini 1979; Hadley and
Smith 1983, 1986). The changes of scrub height of
P. pumila indicate that wind velocity is a main factor
affecting community structure at high altitudes. There-
fore, the prediction of distribution change of plants is
not quite as simple as the niche-based models predicted.
Miyajima and Takahashi (2007) investigated mechanical
damage of conifers along an altitudinal gradient
(800–2,500 m a.s.l.) on Mount Norikura in central Ja-
pan; mechanical damage of conifers suddenly increased
at about 2,200 m a.s.l. rather than a gradual increase
with altitude. This suggests that mechanical damage of
conifers increases when wind velocity exceeds a thresh-
old (Peltola et al. 1999). Takahashi et al. (2012) exam-
ined the mechanism of the timberline formation (i.e., the
upper distribution limit of A. mariesii) on Mount Nor-
ikura from permanent-plot data. Although the growth
rate of A. mariesii did not change from the upper part of
the developed forest (2,350 m a.s.l.) to the timberline
(2,500 m a.s.l.), the trunk height of A. mariesii largely

decreased to about one-third in the slight altitudinal
difference of 150 m and the mortality increased three
times by mechanical damage due to disturbances. This
tendency was more conspicuous by larger individuals.
Wind velocity is greatest in winter throughout the year
near the summit of Mount Norikura (Saito and Irie
2002). Therefore, the main cause of timberline formation
on Mount Norikura is mechanical damage in winter
rather than low summer temperature insufficient for
growth. It is suggested that strong wind in winter largely
affects the timberline formation more in central Japan
than other regions in Japan (Yoshino 1973). The alti-
tudinal location of the timberline is suggested not to rise
under climatic warming conditions because strong wind
in winter is the main cause of timberline formation
(Takahashi et al. 2012), as opposed to the prediction by
the niche-based model.

The aims of this study were to show (1) how wind
velocity affects timberline formation, and (2) if the altitu-
dinal location of the timberline does not move upward
even under global warming as predicted by Takahashi
et al. (2012). For these aims, this studyused a latticemodel.

Outline of model

In the model, I represent an altitudinal change of forest
structure and dynamics by a lattice of width 100 · height
500 cells, where width and height are horizontal and
altitudinal directions, respectively. A coordinate of each
cell is denoted as (i, j), where i and j are a horizontal
coordinate (1–100) and an altitudinal coordinate (1–500),
respectively. Generally, wind velocity is greater at higher
altitudes (Araki 1995). For simplicity, this model assumes
that wind velocity increases linearly with altitude as:

wj ¼ 0:5 � j=500

where wj is a relative value of wind velocity (dimen-
sionless) at an altitudinal coordinate j. Each cell is
occupied by P. pumila, A. mariesii, or bare ground. An
individual tree at each cell grows in trunk height or dies
at each time step (year), and a new individual tree re-
cruits at a vacant cell. Height growth, mortality and
recruitment process are as follows.

This study used a multiplicative growth model in
which growth is equal to the maximum potential growth
reduced by a series of modifiers. Trunk height growth
rate G (i, j, t) (m year�1) at a coordinate (i, j) at time
t (year) is given by the following equation:

G i; j; tð Þ ¼ a0 � 1� a1 �NN i; j; tð Þ
2�NDþ 1ð Þ2�1

 !

� 1� H i; j; tð Þ
Hmax

� �
� 1� wj
� �

� ð1� 0:001� jÞ

where a0 (m year�1) is the maximum growth rate, a1
(dimensionless) is a sensitivity parameter to suppression
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(0–1.0), H (i, j, t) (m) is trunk height at a coordinate
(i, j) at time t, Hmax (m) is the maximum trunk height,
NN (i, j, t) is the number of neighboring trees taller than
a target tree at a coordinate (i, j) at time t. Neighbor-
hood distance (ND) was defined as two cells from the
target cell. In this equation, it is assumed that trunk
height growth rate decreases from the maximum growth
rate with increasing the number of taller neighboring
trees and wind velocity and with approaching the max-
imum trunk height. The growth rate is reduced at high
altitudes with decreasing growth period (Takahashi
2010). Therefore, a parameter, (1 � 0.001 · j) was in-
serted at the right side of the equation to shorten the
growth period at high altitudes.

Mortality was assumed to be increased by competi-
tion and mechanical damages due to strong wind (Ta-
kahashi 2010; Takahashi et al. 2012). MortalityM (i, j, t)
(year�1) at a coordinate (i, j) at time t is given by the
following equation:

M i; j; tð Þ ¼ b0 þ b1 �
NN i; j; tð Þ

2�NDþ 1ð Þ2�1
þ b2 � wj þ b3

� wj �
NN i; j; tð Þ

2�NDþ 1ð Þ2�1

where b0 (year
�1) is a minimum mortality, b1 (year

�1) is
the sensitivity of mortality to suppression by local
crowding of taller neighboring trees, b2 (year�1) is the
sensitivity of mortality to wind velocity, b3 (year

�1) is a
parameter of wind-protection effect by taller neighbor-
ing trees. Mechanical damage of A. mariesii is suggested
to increase if wind velocity exceeds a threshold (Miyaj-
ima and Takahashi 2007). Thus, this model assumes that
mechanical damage occurs if wj is greater than or equal
to 0.2 (i.e., b2 = b3 = 0 in the case of wj < 0.2).
Whether an individual tree of each cell at time t dies or
not was determined as follows. A random number
(0–1.0) is generated for each cell at time t. An individual
tree in the cell dies if the random number is smaller than
M (i, j, t), then the cell becomes a vacant cell (the state of
bare ground).

A vacant cell will be occupied by P. pumila or
A. mariesii at the next time step, or will be left as a
vacant cell. The number of each species enabling
reproduction is counted within the neighborhood area
(total 24 cells) for each vacant cell. If the number of trees
enabling reproduction is >15 for either species P. pu-
mila or A. mariesii, that species will occupy the vacant
cell. If the number of trees enabling reproduction is <15
within the range in neither species, that cell will be a
vacant cell again at the next time step.

Maximum trunk heights of P. pumila and A. mariesii
were set as 2 and 20 m, respectively (Miyajima and
Takahashi 2007; Takahashi and Yoshida 2009). Mini-
mum trunk height enabling reproduction was set as
0.5 m for P. pumila (Okitsu and Mizoguchi 1991).
Unfortunately, no information was available for the
reproductive onset of A. mariesii in central Japan. It is
reported that trunk height of A. mariesii enabling

reproduction was shorter at higher altitudes on Mount
Hakkoda in northern Japan (Sakai et al. 2003), such
trend was not observed at Mount Norikura (personal
observation). Trunk height at reproductive onset posi-
tively correlates with the maximum trunk height (Tho-
mas 1996). The reproductive onset of A. mariesii was
determined as trunk height of 10 m, according to the
compiling data (Thomas 2011).

Each parameter of growth and mortality models was
determined after trial and error by considering species-
specific traits (Table 1). The sensitivity parameter to
suppression (a1, dimensionless) in the growth model was
set to be greater for P. pumila (1.0) than for A. mariesii
(0.5) because P. pumila and A. mariesii are shade-intol-
erant and shade-tolerant species, respectively (Kohyama
1983; Takahashi 2003). Unfortunately, no data were
available for height growth rate of A. mariesii, except for
small saplings shorter than 1 m (Kohyama 1980). It is
difficult to apply the sapling growth rate to the whole
range of tree size because sapling growth rate is smaller
than taller trees (Takahashi 1996, 1997). Therefore,
the maximum height growth rate (a0, m year�1) of
A. mariesii was determined as 0.25 m year�1, according
to the height growth rate of other Pinaceae species Abies
sachalinensis and Picea glehnii with trunk height between
5 and 10 m (Takahashi 1996). Although the maximum
shoot elongation rate of Pinus pumila is about 0.1 m
year�1 at the lower distribution limit (Takahashi and
Yoshida 2009), the maximum height growth rate of
P. pumila was determined as 0.15 m year�1 because
P. pumila distributes in higher altitudes than A. mariesii
and because height growth rate is decreased in high
altitudes by multiplying (1�wj) and (1 � 0.001 · j) in
the model.

Given the difference in longevity between P. pumila
(ca. 100 years) and A. mariesii (ca. 200 years) (Natori
and Matsuda 1966; Takahashi et al. 2011), the minimum
mortality (b0, year

�1) of A. mariesii (0.0025) was deter-
mined as half that of P. pumila (0.005). The sensitivity
parameter to suppression (b1, year

�1) was also set to be
greater for P. pumila (0.05) than for A. mariesii (0.01),
like the growth model. Existence of taller neighbors than
a target tree possibly both intensifies and weakens the
mortality of the target tree. The mortality of target trees
is increased by mechanical damage due to strong wind
(b2, year

�1), while the mortality is weakened by a greater

Table 1 Parameters for trunk height growth and mortality of Pinus
pumila and Abies mariesii in the lattice model

Parameter P. pumila A. mariesii

Growth rate (m year�1)
a0 Maximum growth rate (m year�1) 0.15 0.25
a1 Sensitivity to suppression (dimensionless) 1.0 0.5
Mortality (year�1)
b0 Minimum mortality (year�1) 0.005 0.0025
b1 Sensitivity to suppression (year�1) 0.05 0.01
b2 Sensitivity to wind (year�1) 0.03 0.05
b3 Wind-protection effect (year�1) �0.01 �0.03
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number of taller neighbors because of the wind-protec-
tion effect (b3, year

�1). Therefore, the absolute difference
between the parameters b2 and b3 is important for the
effect of wind on the mortality. Mortality of A. mariesii
increases around the timberline because of mechanical
damage due to strong wind in winter (Takahashi et al.
2012). Although the trunk height and shoot elongation
of dwarf pine P pumila also decrease at windy ridges and
slopes near the upper distribution limit (Takahashi 2003;
Takahashi and Yoshida 2009), P. pumila is protected
from strong wind by snow accumulation around the
timberline. Thus, in this model, the absolute difference
between the two parameters was set to be greater for
A. mariesii (b2 = 0.05, b3 = �0.03) than for P. pumila
(b2 = 0.03, b3 = �0.01). The maximum mortality is
0.065 for P. pumila and 0.0225 for A. mariesii for the
parameter sets of the two species.

For initial conditions, an equal number of each spe-
cies (i.e., 25,000 cells) was randomly assigned in the
community (100 · 500 cells). Trunk height of each spe-
cies in each cell was randomly determined within the
ranges 0.1–20.0 m for A. mariesii and 0.1–2.0 m for
P. pumila. Each simulation ran until convergence, which
is defined as changes smaller than 100 in the number of
cells of each species in 100 consecutive time steps. The
program was coded in C++, and was compiled by
using freeware MinGW.

Simulation analysis

Simulation was done by changing the wind velocity and
thermal condition to examine the effects of wind velocity
and thermal condition on the altitudinal distribution of
A. mariesii and P. pumila. The wind velocity was chan-
ged by multiplying the parameter of wind velocity along
an altitudinal gradient (0.5 · j/500, where j ranges be-
tween 1 and 500) by coefficients 0.7–1.3 at 0.1 intervals.
Although this model does not treat a thermal condition
as a variable, the thermal condition affects the growth
period in the model. Therefore, the change of the ther-
mal condition was expressed by multiplying the
parameter of growth period along an altitudinal gradi-
ent (1 � 0.001 · j) by coefficients 0.7–1.3 at 0.1 inter-
vals.

For each multiplier of the wind velocity and growth
period, ten replicate simulations were run until conver-
gence. The variation in species distribution in a hori-
zontal direction was small among the ten replicates. For
example, in the case of the multiplier 1.0 for both wind
velocity and growth period, the mean number with
standard deviation for A. mariesii in a horizontal
direction in the lattice of 100 (i) · 500 (j) cells among ten
replicates was almost 100 ± 0 between j 1 and 194, and
decreased from 99.8 ± 0.4 (j 195) to 0.4 ± 0.8 (j 201).
Under the same condition, the mean number of P. pu-
mila increased from 0.2 ± 0.6 (j 198) to 99.7 ± 0.7
(j 202), and almost 100 ± 0 above j 203 until j 387, and

then decreased from 99.9 ± 0.3 (j 388) to 0.3 ± 0.9
(j 415).

The upper distribution limit of each species was
determined as follows. The highest altitudinal coordi-
nate (j) to which each species distributes was determined
for each altitudinal line with the same horizontal coor-
dinate (i) (i.e., a total of 100 altitudinal lines). The 100
highest altitudinal coordinates of each species were
averaged for each simulation. Then, the upper distri-
bution limit was determined by averaging the mean
highest altitudinal coordinates among ten replicates of
simulation.

The mean trunk height of each species along an
altitudinal gradient was calculated by averaging trunk
height among the cells that the species occupied in each
horizontal line of the same altitudinal coordinate (j) (i.e.,
a total of 500 horizontal lines). The number of cells of
each species at each horizontal line decreases near the
upper distribution limit. To avoid large variation due to
the small number of individual trees at each horizontal
line, the mean trunk height at each horizontal line was
not calculated for each species if the number of cells of a
species was <15. The mean trunk height of each species
along the altitude was determined by averaging the
mean trunk height of each horizontal line of the same
altitudinal coordinate (j) among ten replicates of simu-
lation.

Results

Altitudinal distribution of two species

An example of the change of the number of cells (trees)
with time was shown using the basic parameter set of
each species (Fig. 1). I assigned about 25,000 of each
species randomly at the initial condition (t = 0)
(Fig. 2a). The number of cells of each species decreased
soon after the start of simulation (Fig. 1). This tendency

Fig. 1 Time course of the number of cells of Abies mariesii (solid
line) and Pinus pumila (broken line)
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was more conspicuous for P. pumila. The large reduction
of shade-intolerant dwarf pine P. pumila (inferior com-
petitor) was caused by interspecific competition with
shade-tolerant tall tree A. mariesii (superior competitor)
because the two species distributed closely at the initial
condition (Fig. 2a). The number of A. mariesii was
almost constant after time step 100. The number of
P. pumila largely decreased to 3,460 at time step 130, and
then the number of P. pumila gradually increased
(Fig. 1). A. mariesii began not to distribute above
coordinate 200 of the altitudinal axis from time step 50
(Fig. 2c). The number of P. pumila decreased below

coordinate 200 of the altitudinal axis because of the
interspecific competition with A. mariesii, but it began to
increase above coordinate 200 of the altitudinal axis
from time step 100. The distribution of the two species
began to separate at about coordinate 200 of the alti-
tudinal axis at time step 200. P. pumila gradually ex-
panded its distribution area at high altitudes. Finally,
the number of cells converged at time step 3,000, and the
upper distribution limit of P. pumila was about coordi-
nate 400 of the altitudinal axis (Fig. 2h). Why A. mari-
esii cannot distribute above coordinate 200 of the
altitudinal axis is that tall tree species A. mariesii tends

Fig. 2 Spatial distribution of Abies mariesii (black) and Pinus pumila (gray) along an altitudinal gradient at a time t = 0, b t = 10,
c t = 50, d t = 100, e t = 200, f t = 500, g t = 1,000 and h t = 3,000

125



to be damaged by strong wind compared with P. pumila.
The wind velocity was 0.2 at coordinate 200, which is the
threshold that A. mariesii dies of mechanical damages
due to strong wind. However, the spatial distribution of
the two species clearly separated at about coordinate 75
of the altitudinal axis even if a threshold of wind velocity
was not set, and the upper distribution limit of P. pumila
was about 400, which was the same as the upper distri-
bution limit calculated by the model with the threshold
of wind velocity for mechanical damage of A. mariesii
(data not shown).

Effects of wind velocity and thermal condition
on altitudinal distribution

The effect of wind velocity on the altitudinal distribution
of the two species was examined. The upper distribution
limit of the two species decreased with an increase in the
multiplier of wind velocity (Figs. 3, 4). As the multiplier
of wind velocity was lower, the mean trunk height of
A. mariesii tended to be taller at a given coordinate of
the altitudinal axis above coordinate 100 (Fig. 5a). The
trunk height of A. mariesii at the upper distribution limit
was about 10 m, irrespective of the multiplier of wind
velocity. This trunk height is the minimum reproduc-
tive size of A. mariesii. The change of trunk height of
P. pumila by the multiplier of wind velocity was some-
what different from A. mariesii. As the multiplier of
wind velocity was higher, the trunk height of P. pumila
was lower at a given coordinate of the altitudinal axis
(Fig. 5b). Absolute change of wind velocity due to the
multiplier was greater at higher altitudes. Therefore, the
relative change of trunk height by the change of multi-
plier of wind velocity is considered to be greater for
P. pumila distributing at higher altitudes than for
A. mariesii.

I examined the effect of thermal condition expressed
as length of growth period on the altitudinal distribution
of the two species. Although the upper distribution limit
of P. pumila moved upward as the multiplier of growth
period increased, the upper distribution limit of
A. mariesii was almost constant (coordinate 200 of the

Fig. 3 Changes of the upper distribution limits of Abies mariesii
(solid circle) and Pinus pumila (open circle) along multipliers of
wind velocity. Only mean values of ten replicates of simulation are
shown because the variation was small. Mean standard deviations
were 6.4 and 1.6 for A. mariesii and P. pumila, respectively

Fig. 4 Spatial distribution of Abies mariesii (black) and Pinus
pumila (gray) along an altitudinal gradient for three multipliers of
wind velocity, a 0.7, b 1.0, and c 1.3

Fig. 5 Altitudinal changes of
trunk height of a Abies mariesii
and b Pinus pumila for three
multipliers of wind velocity, 0.7
(black), 1.0 (gray), and 1.3
(open). Only a mean value of
each altitudinal coordinate is
shown. Mean standard
deviations of trunk height at
each altitudinal coordinate were
about 0.7 and 0.07 for A.
mariesii and P. pumila,
respectively
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altitudinal axis), irrespective of the multiplier (Figs. 6,
7). The upper distribution limit of A. mariesii at multi-
plier 0.7 was almost the same as that at the other values
of the multiplier, and the dominance of A. mariesii
around the timberline (i.e., the upper distribution limit
of A. mariesii) was somewhat lower than the other
multipliers of the growth period because P. pumila partly
dominated below coordinate 200 of the altitudinal axis
(Fig. 7a). As the growth period decreased, the trunk
height of the two species decreased at a given coordinate
of the altitudinal axis (Fig. 8).

Discussion

Using a lattice model, this study showed (1) that
A. mariesii is a competitively superior species to P. pu-
mila at low altitudes with low wind velocity, but P. pu-
mila can dominate at high altitudes because A. mariesii
cannot increase its trunk height due to mechanical
damage by strong wind at high altitudes, and (2) that the
timberline (i.e., the upper distribution limit of A. mari-
esii) does not move to upward even in high thermal
conditions because mechanical damage due to strong
wind largely affects the timberline formation. These re-
sults are consistent with the prediction of Takahashi
et al. (2012), i.e., the timberline is formed by the abrupt
increase in mortality due to strong wind in winter, al-
though the growth of A. mariesii does not decrease from
the upper part of developed forest stand (2,350 m a.s.l.)
to the timberline (2,500 m a.s.l.) on Mount Norikura in
central Japan.

Effects of strong wind in winter and global warming
on altitudinal distribution of two species

The warmth index (WI) is an index that expresses the
relationship between vegetation distribution and ther-
mal conditions in the world (Kira 1948). A WI of 15 �C
months is the boundary between the subalpine zone and
alpine zone. For Mount Norikura in central Japan, a WI
of 15 �C months is consistent with 2,800 m a.s.l., which

Fig. 6 Changes of the upper distribution limits of Abies mariesii
(solid circle) and Pinus pumila (open circle) along multipliers of a
growth period. Only mean values of ten replicates of simulation are
shown because the variation was small. Mean standard deviations
were 6.4 and 1.6 for A. mariesii and P. pumila, respectively

Fig. 7 Spatial distribution of Abies mariesii (black) and Pinus
pumila (gray) along an altitudinal gradient for three multipliers of a
growth period, a 0.7, b 1.0, and c 1.3

Fig. 8 Altitudinal changes of
trunk height of a Abies mariesii
and b Pinus pumila for three
multipliers of growth period,
0.7 (black), 1.0 (gray), and 1.3
(open). Mean standard
deviations of trunk height at
each altitudinal coordinate were
about 0.7 and 0.07 for A.
mariesii and P. pumila,
respectively
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is the upper distribution limit of P. pumila (Miyajima
et al. 2007). Therefore, the upper distribution limit of
P. pumilamay move upward by global warming. Dullinger
et al. (2004) examined the effects of global warming on
the distribution of a dwarf pine (Pinus mugo), which is a
life form similar to P. pumila of this study. They pre-
dicted that the cover of P. mugo will increase from 10 %
at present to 24–59 % after 1,000 years. In this study,
the distribution area of P. pumila expanded to a higher
elevation if the length of the growth period was pro-
longed (i.e., high multiplier of growth period). However,
saying that the distribution area of P. pumila will expand
by global warming would be untrue because P. pumila
has already distributed up to near the summits of many
high mountains. The model of this study also did not
take edaphic conditions into account. The ground sub-
strate becomes rubble near summits. P. pumila cannot
distribute on such rubble slopes without a developed soil
layer (unpublished data). Therefore, P. pumila may not
be able to expand its distribution area upward even
under global warming.

Many simulation studies have been done to predict the
effects of global warming on plant distribution using
niche-based models (or correlated models) from correla-
tions between the current distribution area and climatic
conditions, such as monthly mean temperature and
monthly sum of precipitation (Iverson and Prasad 1998;
Thuiller et al. 2005). Previous studies by niche-based
models reported that global warming will increase risk of
extinction of many plant species at the current distribu-
tion area because the distribution area of these plant
species will move to higher altitudes and latitudes (Guisan
and Theurillat 2000; Berry et al. 2003; Dirnböck et al.
2003; Casalegno et al. 2010). However, their results were
derived from the assumption of the model, and so the risk
of extinction is a foregone conclusion. Although niche-
based models can predict distribution changes of many
plant species on a large scale, the results of the niche-based
model show only the movement of climatic conditions of
the current distribution area rather than the distribution
changes of the plant species. On the contrary, in a pre-
dictive study that used a process-based model incorpo-
rating the life-history traits of plant species, the
distribution change of the plant species was less than by
the niche-based model (Morin and Thuiller 2009).
Therefore, niche-based models possibly overestimate
distribution changes of plant species. However, investi-
gating factors that limit the distribution of plant species in
the field and incorporating them into a model for precise
prediction is necessary, even for the process-based model.

Although the lattice model of this study is simple, it
was constructed from the results of my field research.
Three important topics can be discussed from the results
of this study.

1. Strong wind in winter as a major factor of timberline
formation: Although this study treated the timberline
(i.e., the upper distribution limit of tall tree species) as
a main topic, treeline is also an important transitional

ecotone between closed forest and the treeless alpine
zone. Three treeline types (Harsch et al. 2009) are (1)
the diffuse type characterized by decreasing tree
density with increasing altitude; (2) the abrupt type
characterized by a continuous canopy with no decline
in density right up to the treeline; (3) the krummholz
type in which the treeline may be diffuse or abrupt,
but is characterized by severely stunted trees. By
using meta-analysis, Harsch et al. (2009) reported
that the altitude of diffuse-type treelines moves up-
ward by global warming, while that of abrupt and
krummholz types does not change. The diffuse-type
treeline is formed by low temperature insufficient for
growth (Harsch and Bader 2011). By contrast, if trees
can grow at the treeline, but cannot increase the
trunk height because of disturbance by strong wind
and snow, the treelines of the abrupt and krummholz
types are formed. Much physical damage, such as
broken stems, are often observed at treelines in
northern Europe (Hofgaard et al. 1991), suggesting
the importance of strong wind on treeline formation.
The altitude of treelines has not risen at wind-exposed
sites in the last century, while the treeline has moved
upward at wind-protected sites (Kullman and Öberg
2009; Kullman 2010). The timberline is 200–500 m
below the summits of many mountains in Hokkaido,
northern Japan, irrespective of thermal conditions
(Okitsu and Ito 1984). Therefore, the altitude of the
timberline moving upward under global warming is
implausible, as predicted by the model of this study.

2. Trade-off between competitive ability and adaptation
to high altitude: Shade-intolerant dwarf pine P. pu-
mila is inferior to tall tree species. Although P. pumila
can physiologically distribute at altitudes lower than
the timberline, it cannot grow and survive at low
altitude because of suppression by tall tree species
(Takahashi 2003). However, tall tree species, such as
A. mariesii, cannot distribute at high altitudes
because of mechanical damage. Actually, many
A. mariesii trees show the flagged crown form at the
timberline on Mount Norikura (Wardle 1977; Na-
kamoto et al. 2013). This crown form is caused by
strong wind in winter (Scott et al. 1987). By contrast,
P. pumila is hardly damaged by strong wind in winter
because its creeping trunk is protected by snow
accumulation, except for wind-exposed ridges (Nag-
ano et al. 2009; Nakamoto et al. 2012). Although the
creeping trunk form is disadvantageous for compe-
tition for light because of its low vertical height
growth rate per trunk length, it is adaptive to high
altitudes (i.e., easily buried under snow and rising
up the next spring). Therefore, the distribution of
P. pumila is suggested to be restricted to high alti-
tudes where A. mariesii cannot distribute.

3. Effects of global warming on tree growth and altitu-
dinal location of the timberline: Dendrochronological
studies reported that tree growth is reduced by low
summer temperature at high altitudes and latitudes
(Savva et al. 2006; Massaccesi et al. 2008; Peng et al.
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2008; Fan et al. 2009). The same is true at high alti-
tudes in central Japan (Takahashi 2003; Takahashi
et al. 2003, 2005, 2011). Especially, shoot growth of
P. pumila has a clear positive correlation with sum-
mer temperature of the previous year (Takahashi
2006). Takahashi (2005) experimentally showed the
increase in shoot growth of P. pumila by artificial
warming. Therefore, low summer temperature (or
short growth period) is assumed to limit annual
photosynthetic production of P. pumila (Kajimoto
1995). Takahashi and Okuhara (2013) predicted that
tree growth at high altitudes in central Japan will
increase by global warming, using a simulation model
based on the relationships between past growth and
climatic conditions. This prediction was also con-
firmed by the model of this study (i.e., the increase in
trunk height at a given coordinate of the altitudinal
axis with increasing multiplier of the growth period).
Other studies also showed that tree density and bio-
mass production increased at timberlines from the
past to the present, although the altitudinal location
of timberlines and treelines did not change (Cama-
rero and Gutierrez 2004; Zhang et al. 2009; Liang
et al. 2011). For example, increase in biomass pro-
duction was recognized for 26.7 % of tree species
examined by using meta-analysis (Lin et al. 2010).
Given that tree growth is limited by low summer
temperature at high altitudes and that the main
causal factor of timberline formation is disturbance
due to strong wind in winter, the results of these
previous studies (i.e., the increase in biomass pro-
duction and non-change of altitudinal location of
timberlines) can be explained. Therefore, the results
of the lattice model of this study would contribute to
understand the effects of global warming on timber-
lines in other regions.

Regional differences in timberline formation

It is possible that factors other than strong wind in
winter largely affect the timberline formation. For
example, coniferous trees are often damaged by snow
pressure in Tohoku District, northern Japan (Yamanaka
et al. 1973; Ishizuka 1981). Kajimoto et al. (2002) and
Seki et al. (2005) found that mechanical breakage of
branches and stems by snow settlement and creep oc-
curred in many A. mariesii trees in a much more snowy
winter than the average at the timberline on Mount
Yumori in northern Tohoku District, and that the
growth and survival of damaged trees decreased in the
subsequent years. They concluded that mechanical
damage by snow settlement and creep was the primary
factor affecting the timberline formation and wind-re-
lated stresses (e.g., winter desiccation, abrasion due to
wind-blown ice particles, frost damage) were the sec-
ondary factor because mechanical damage due to snow

settlement and creep was more frequently observed at
their study site than mechanical damage due to strong
wind in winter. Although the mechanical damage due to
snow settlement and creep is found at the timberline
on Mount Norikura (personal observation), many
A. mariesii trees are conspicuously flagged, indicating a
strong wind stress in winter (Wardle 1977). Shoot die-
back of trunk top, another mechanical damage due to
strong wind in winter (Ishizuka 1981), was also often
observed in many A. mariesii trees at the timberline on
Mount Norikura (unpublished data). Furthermore,
flagged A. mariesii trees often show the branch-lacking
layer that is caused by abrasion due to wind-blown ice
particles above snow surface. Especially, abrasion
damage is greater near the soil surface because the size
of ice particles is greater (Scott et al. 1993). Damaged
trees due to strong wind in winter are more often found
at the timberline in central Japan, which is situated on
the Sea of Japan side and has much snowfall, compared
with the Pacific side with less snowfall and Tohoku
District (Yoshino 1973). Probably, the most primary
factor affecting timberline formation differs according to
the regional climatic conditions.

Conclusions

This study showed that (1) the tall tree species A. mari-
esii is competitively superior to dwarf pine P. pumila at
low altitudes with low wind velocity, but A. mariesii
suffers from severe mechanical damage due to strong
wind in the winter, which enables P. pumila to dominate
at high altitudes, and (2) that the altitudinal location of
the timberline does not move upward even if the air
temperature increases (i.e., prolonged growth period in
the model). The prediction of vegetation changes by
niche-based models is no more than the movement of
climatic conditions of the current distribution area for
plant species. By contrast, to detect the main causal
factors affecting vegetation distribution and to predict
effects of global warming on vegetation, I conducted
field and simulation studies along an altitudinal gradient
on Mount Norikura in central Japan from various as-
pects, such as altitudinal changes of vegetation, forest
structure and regeneration, relationships between cli-
matic conditions and tree growth, ecophysiological
studies, mechanisms of the timberline and treeline for-
mation, and forecasting tree growth along an altitudinal
gradient under climatic change scenarios. Although my
study is a case study on Mount Norikura, responses to
global warming possibly differ among plant species and
ecosystems. Therefore, accumulating much case-study
data is important for predicting vegetation responses to
global warming precisely on a large scale.
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