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S u m m a r y
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In northern to central Japan, alpine dwarf pine {Pinus pumila Regel) is a principal compo-
nent of vegetation in the alpine life zone above the timberline. In this study, we examined interan-
nual variations in the shoot elongation of P. pumila growing on the summits of six Japanese moun-
tains and analysed the relationships between climatic factors and shoot growth during the period
from 1980 to 2003.

A significant increment of annual shoot elongation over the last 24 years was detected in
three populations studied in central Japan, showing synchronization between the populations. How-
ever, such a trend was not found in the populations in northern Japan. In central Japan, interannual
increasing trends in summer temperatures during the period were observed at meteorological sta-
tions near the populations. In the three populations of northern Japan, however, similar trends were
not obvious, but a significant decreasing trend in summer sunshine duration was observed at a me-
teorological station located near the northernmost population. Summer sunshine duration, as well as
summer temperature, was significantly positively correlated with shoot elongation of P. pumila in
four out of six populations. We discuss these geographical variations in interannual shoot elongation
of P. pumila between the six populations in relation to climate change in Japan.
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I n t r o d u c t i o n

High mountain ecosystems where low temperature limits plant life are consid-
ered sensitive to climate change (KÖRNER 1994, GRABHERR & al. 1995). Because the
impact of human land use has been scarce in high mountains, alpine life zones, such
the summit of a mountain, provide a unique opportunity for comparative climate im-
pact research (GRABHERR & al. 2000).

Alpine dwarf pine Pinns pumila Regel is distributed throughout north-
eastern Asia in east Siberia, Ussuri, north-eastern China, Kamchatka, the Kuril Is-
lands, and northern to central Japan (SHIMIZU 1982). In Japan, P. pumila is com-
monly found in high mountains and is a principal component of vegetation in the
alpine life zone above the timberline (YOSHINO 1978). The pine begins to elongate
its terminal bud in early June and terminates in late July (KAJIMOTO 1993). The
shoot does not elongate further in the following years. Taking this feature into ac-
count, annual elongations of the past two to three decades are measurable (SANO &
al. 1977, OKITSU 1988, TAKAHASHI 2003). It has been reported that annual shoot
elongation of this species is positively correlated with summer temperatures (SANO
& al. 1977, TAKAHASHI 2003) and sunshine durations (SANO & al. 1977) of the
previous year. SANO & al. 1977 also observed a synchronization of interannual
shoot growth of P. pumila between populations distributed over a wide region of
Japan during the period from the early 1950s to the early 1970s. If recent climate
change has raised summer temperatures even at high altitudes (WADA & al. 2004),
mterannual increases of shoot elongation are expected for P. pumila, showing a
synchronization between populations in central to northern Japan. If this is the
case, mountain biota and alpine biodiversity might be considerably affected by
enhanced shoot growth of P. pumila, mostly because its high productivity and
dense foliage (KAJIMOTO 1995) suppress the growth of other alpine plants. Thus, it
is important to assess the interannual growth of the pine to help conserve alpine
biodiversity.

In this study, we examined interannual variations in the shoot elongation of
P. pumila growing on the summits of six Japanese mountains, and analysed the
relationships between climatic factors and shoot growth of the alpine dwarf pine.
The aims of this study were to 1) clarify whether interannual increasing trends in
shoot elongation are observed in P. pumila in each population studied, 2) clarify
interannual variations in air temperature, sunshine duration, and precipitation, that
might affect interannual variations in shoot elongation, and 3) determine which
factors (temperature, sunshine duration, and/or precipitation) significantly affect
the annual shoot elongation of this pine species.

M a t e r i a l a n d M e t h o d s

Study sites and field methods
This study was carried out on six Japanese mountains: Mt. Kaun (Taisetsu Mountains),

Mt. Oo (Hakkoda Mountains), and Mt. Chokai in northern Japan; and Mt. Johdo, Mt. Jii, and Mt.
Norikura (Hida Mountains) in central Japan. At each study site, from late August to mid-September,
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2003, we measured the annual shoot length over the last two to three decades of the main stems of
P. pumilci from different patches of the scrubs growing at the upper altitudinal limit on or near the
summit (Table 1).

Data analysis
According to SANO & al. 1977, we calculated the shoot length chronology of P. pumila at

each site by averaging the shoot length among the P. pumiJa scrubs in each year. The shoot length
chronology at each site was determined from 1980 to 2003 (n = 24 years). A linear regression
analysis was used to detect any interannual trend in the shoot elongation of each population of P.
pumila. A simple correlation test was used to clarify any synchronization of interannual variations
in shoot elongation between the six populations.

There was no available meteorological data set for each population of P. pumila studied.
We chose five meteorological stations managed by the Japan Meteorological Agency (JMA) for our
analysis of regional climate change near each study site (Table 1): Asahikawa station (N43°45.4' in
latitude, E142°22.3' in longitude, and 120 m above sea level in altitude) located near Mt. Kaun,
Aomori station (N40°49.3\ E140°46.1\ and 3 m a.s.l.) near Mt. Oo, Sakata station (N38°54.5\ E
139°50.6', and 3 m a.s.l.) near Mt. Chokai, Toyama station (N36°42.5\ E137°12.1', and 9 m a.s.l.)
near Mt. Johdo, and Takayama station (N36°09.3\ E137°15.2\ and 560 m a.s.l.) near Mt. Jii and
Mt. Norikura. Because the JMA replaced the sunshine recorders in 1986 or 1987, the sunshine dura-
tion data from each station were calibrated using a formula according to KATSUYAMA 1987.
Monthly mean air temperature, monthly sum of sunshine duration after calibration, and monthly
sum of precipitation for June, July, August, and September, were used for our analysis, taking the
growing season for P. pumila in the alpine life zone into account. A linear regression analysis was
used to detect any interannual increasing or decreasing trends in the air temperature, sunshine dura-
tion, or precipitation recorded by each meteorological station during the period from 1979 to 2003
(http://www.data.kisho.go.jp/index.htm). The slope of the regression line was shown as a trend in
the interannual variation of each climatic variable. A simple correlation test was used to determine
which climatic factors significantly affected shoot elongation of P. pumila in each population studied.
The shoot elongation in each population was compared with the meteorological data of the previous
growth period (June, July, August, and September in the previous year) and of the current growth
period (June, July, and August in the current year).

Table 1. Location of study sites for Pimis pumila and the Japan Meteorological Agency
(JMA) stations whose data were used to analyze the relationships between climatic factors and P.
pumila shoot growth. The numbers in parentheses in the "Altitude" column show the number of P.
pumila samples. "Distance" means the horizontal distance between each study site and the corre-
sponding JMA meteorological station.

Mt. Kaun
Mt. Oo
Mt. Chokai
Mt. Johdo
Mt. Jii
Mt. Norikura

Latitude
N43°33.4'
N40°39.5'
N39°05.7'
N36°33.8'
N36°24.5'
N36°06.7'

Longitude
E142°52.0'
E140°52.5'
E139°02.6'
E137°36.5'
E137°35.7'
E137°33.3'

Altitude
1910 m (24)
1550 m (19)
2110 m (29)
2830 m (39)
2820 m (10)
2820 m (19)

Summit
1954 m
1585 m
2236 m
2831 m
2825 m
3026 m

JMA station
Asahikawa

Aomori
Sakata

Toyama
Takayama
Takayama

Distance
48 km
25 km
38 km
40 km
42 km
28 km

R e s u l t s a n d D i s c u s s i o n

Annual shoot elongation of P. pumila growing in northern Japan (Mt.
Kaun, Mt. Oo, and Mt. Chokai) showed little synchronization with that of any other
population, while that in central Japan (Mt. Johdo, Mt. Jii, and Mt. Norikura) was
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significantly synchronized between the three populations (Table 2 and Fig. 1).
A significant interannual increase of the shoot elongation was detected in

populations on Mt. Johdo (0.020 cm yr"1 (= slope of the regression line), F = 5.64,
r2 = 0.17, p = 0.027), Mt. Jii (0.052 cm yr"1, F = 20.96, r2 = 0.47, p < 0.0001), and
Mt. Norikura (0.036 cm yr"1, F = 7.72, r2 = 0.23, p = 0.011). The other three popu-
lations distributed in northern Japan showed no significant trends in the linear re-
gression analysis (r2 < 0.10, p > 0.05). However, it appears that annual shoot elon-
gation decreased after 1995 for a population on Mt. Kaun, and after 1989 on Mt.
Chokai(Fig. 1).

Table 2. Correlation coefficients between populations of annual shoot elongation of Pimis
pumila over the last 24 years (1980-2003). Asterisks denote statistical significance: **, p < 0.01; ***,
p < 0.0001 (by the Pearson correlation test).

Mt. Kaun Mt. Oo Mt. Chokai Mt. Johdo Mt. Jii
Mt. Oo
Mt. Chokai
Mt. Johdo
Mt. Jii
Mt. Norikura

-0.09
0.04

-0.38
-0.24
-0.19

0.38
0.10

-0.21
-0.09

0.19
-0.14
0.12

0.61
0.71* 0.68

1980 1990 2000 1980 1990 2000

Year

1980 1990 2000

Year

Fig. 1. Interannual variation in Pinus pumila shoot elongation (average value) from 1980
to 2003 (n = 24 years). A, Mt. Kaun (N = 24 shoots); B, Mt. Oo (N = 19 shoots); C, Mt. Chokai (N
= 29 shoots); D, Mt. Johdo (N = 39 shoots); E, Mt. Jii (N = 10 shoots); F, Mt. Norikura (N = 19
shoots). Regression lines are shown when significant (p < 0.05).

We analysed the increasing or decreasing trends in interannual variations
in air temperature, sunshine duration, and precipitation in June, July, August, and
September, at the JMA meteorological station located near each study site (Fig. 2).
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Monthly mean air temperature in both July and September increased significantly
over the last 25 years in Toyama and Takayama, both located in central Japan. This
suggests that increased temperatures may have caused increased annual shoot elon-
gation in the P. pumila populations growing on Mt. Johdo, Mt. Jii, and Mt. Nori-
kura during this period (Fig. 1). In northern Japan, the monthly mean air tempera-
tures in mid-summer did not increase significantly, but those for September did in
Aomori and Sakata. No significant trend was found in any month in Asahikawa. In
contrast, the sunshine duration in July and August decreased significantly over the
last 25 years in Asahikawa. A significant decreasing trend was also found in Sep-
tember in Aomori and in June in Toyama.
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Fig. 2. Trends in interannual variation in temperature (delta temperature), sunshine dura-
tion (delta sunshine duration), and precipitation (delta precipitation) from 1979 to 2003 (n = 25
years) analyzed by the linear regression model. The slopes of the regression lines reflect trends in
climate change in June, July, August, and September. Shaded bars: significant slopes of the regres-
sion between climatic variables and year according to the linear regression model (p < 0.05). Open
bars: non-significant slopes (p > 0.05). A, Asahikawa meteorological station; B, Aomori station; C,
Sakata station; D, Toyama station; E, Takayama station. Data from the Japan Meteorological
Agency (http://www.data.kisho.go.jp/index.htm).
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There was no clear trend in summer precipitation at each meteorological station.
Thus, it appears that a rising trend in mid-summer temperatures was notable in
parts of central Japan, while a decreasing trend in sunshine duration was conspicu-
ous in northernmost Japan.

In northern Japan, the annual shoot elongation of P. pwnila was signifi-
cantly positively correlated with summer temperatures (June and July) of the previ-
ous year for the population on Mt. Oo, but the other two populations did not show
any significant correlation between annual shoot elongation and summer tempera-
tures (Fig. 3). However, the shoot elongation was significantly positively correlated
with sunshine duration in July or August of the previous year in each of these three
populations (Fig. 3). In contrast, all three populations studied in central Japan
showed significantly positive correlations between annual shoot elongation and
summer temperatures (Fig. 3). However, the populations on Mt. Johdo and Mt. Jii
showed a pattern of correlations that differed from that of the population on Mt.
Norikura: in these two populations, temperatures in both September of the previous
year and July of the current year were significantly positively correlated with an-
nual shoot elongation. Sunshine duration was not significantly correlated with the
annual shoot elongation, except for the population on Mt. Norikura (Fig. 3). Sig-
nificant negative correlations between annual shoot elongation and precipitation
were found for the populations on Mt. Kaun, Mt. Johdo, and Mt. Norikura (Fig. 3).
This was probably because higher precipitation would be accompanied by shorter
sunshine duration and lower solar radiation, which will decrease the rate of photo-
synthesis in P. pumila, resulting in lower shoot growth. Significant negative corre-
lations between precipitation and sunshine duration in July were found in Asahi-
kawa (r = -0.54, p = 0.004, n = 25), Toyama (r = -0.43, p = 0.031, n = 25), and Ta-
kayama (r = -0.61, p = 0.0008, n = 25).

It is well known that shoot growth of P. pumila depends on climatic condi-
tions of the previous year, because bud formation occured in the previous year. Our
study reconfirmed this in the six populations studied. However, two populations
showed that not only summer climatic conditions in the previous year but also
those in the current year were significantly correlated with the annual shoot elonga-
tion. Our stepwise regression analysis showed that both temperature in September
of the previous year (tsp) and that in July of the current year (tjc) contributed to the
annual shoot elongation (standardized partial correlation coefficient r (tsp) = 0.43 (p
= 0.03) and r (tJC) = 0.36 (p = 0.05) for the population on Mt. Johdo; r (fcp) = 0.40
(p = 0.04) and r (tJC) = 0.37 (p = 0.05) for the population on Mt. Jii). The reason
and the mechanism for this are uncertain from the present study; however, it seems
reasonable that the combination of climatic conditions in the previous year with
those in the current year would affect the shoot growth. In the region where the two
populations on Mt. Johdo and Mt. Jii were distributed, temperatures in both July
and September showed significant interannual increases over the last 25 years (Fig.
2). This suggests that increasing temperatures in September may enhance the pho-
tosynthetic production and then bud formation in the prolonged growing season
length and those in July may improve directly the limits of low temperature for the
growth of P. pumila. However, further studies, based on physiological measure-
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ments such as photosynthetic carbon gains and temporal resource allocations, are
necessary to clarify the temporal and the geographical variations in the shoot
growth of the pine.

In central Japan, P. pumila showed significant interannual increases in
shoot elongation and the growth was con-elated significantly with temperatures in
July or both July and September, which had increased during the 25-year periods.
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Fig. 3. Correlation coefficients between the annual shoot elongation of Pimis pumila and
the monthly climatic conditions (monthly mean temperature, monthly sum of sunshine duration, and
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In northern Japan, however, P. pumila showed no significant interannual increases
in shoot elongation and the growth was significantly correlated with sunshine dura-
tion in July or August rather than with temperatures in two out of the three popula-
tions studied. Sunshine duration in July and August decreased significantly during
the period in the region where the northernmost population was distributed. Thus,
geographical variations in the annual shoot elongation of P. pumila may be caused
by different changes in recent climate regimes (ASANUMA & al. 2004), associated
with the atmospheric circulation of air masses in northern to central Japan (e.g.,
SATO & TAKAHASHI 2001).
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