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Abstract

Phenology of alpine plants was studied in a snow-bed along a snow-melting gradient. Pre-
flowering and fruiting periods of nine species including two varieties were potentially determined by
cumulative temperature of daily mean, and the data indicated that actual flowering time was
affected by the timing of snow disappearance. Alpine plants could not adjust the flowering and
fruiting times in accordance with the growing conditions. Hence the species having short pre-
flowering and/or fruiting periods were advantageous for seed set in later exposed places where

growing season was highly restricted.
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In alpine environments where the growing sea-
son is highly restricted, planis are reqguired to
complete their annual life-cycle during short
period (BILLINGS and BLISS, 1959; RAM et al.,
1988). Time of snow disappearance is very impor-
tant factor controlling plant phenology in such
environments (HOLWAY and WARD, 1963 ; 1965 ;
OSTLER ef al., 1982 ; KUDO, 1991). Snow-hed is
characterized by large snow cover during winter
and lingering snow until summer. Here distribu-
tion of snow accumulation is variable between
sites due to topographic effect, and the time of
snow disappearance is very different within a
narrow area. Species having a wide distribution
range along the snow-melting gradient, therefore,
experience quite different length of growing sea-
son between early and late exposed places. In the
late exposed places, early flowering and fruiting
are advantageous for successful seed set. KUDO
(1991) compared flowering and fruiting conditions
of many alpine plants along the gradient and
indicated that species having long pre-flowering
and/or fruiting periods were disadvantage for
sexual reproduction in the later exposed paces. In

the previous study, however, phenclogical varia-
tion within species along the gradient was not
analyzed enough. In this study, therefore, detailed
observation of flowering and fruiting phenologies
were obtained during two years for nine species
including of two varieties having large distribu-
tion ranges along a snow-melting gradient.

The aim of this study is to answer the following
questions. (1) What determines the flowering time
and the fruiting period of each species inhabiting
(2) Is there any phenological
variation of flowering and/or fruiting times

a snow-bed ?

within single species in accordance with snow
conditions ?

Materials and Methods

The Taisetsu Mountains are located in central
Hokkaido, northern Japan (Fig. 1). Climatically,
the Taisetsu Mts. have cold and snowy winters,
and warm and wet summers, The annual mean
temperature at an altitude of 2000m was —3.8°C,
ranging from —21.3°C (January) ta 13.9°C
(August) in 1985 (SONE and TAKAHASHI, 1988).
Because of prevailing northwesterly winds during
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Fig.1. (A) Location of the Taisetsu Mountatins. (B) Map of study site. A to E: Survey quadrats,

Dotted areas mean perennial snow.

the winter, large snow drifts are built up on the
southeast facing slopes. The time of snow dis-
appearance varies from the late May to late
September, and snow begins to cover the ground
again by early to mid October.

This study was conducted on the snow-bed
communities developing on a block-field slope,
which faces the southeast with 5-18" inclination,
in the central part of the Taisetsu Mts. (43° 33'N,
142° 53'E), The five 20m x 20m quadrats, A to E,
were arranged along a snow-melting gradient
between 1790-1910m elevation (Fig. 1). All qua-
drats had large snow cover during winter, and
snow disappeared from quadrat A to E every year
(Table 1). It took five to seven days for complete
disappearance of snow from the beginning in each
quadrat. In this study, time of snow disappear-
ance means the date of ca. 509 exposure of the
quadrat. Snow-bed communities of this area were
composed of dwarf shrubs, forbs and grasses (in
detail see KUDQ, 1991 ;: KUDO and ITO, 1992), and
vegetation height was ca. 30 cm or less.

Nine plant species including two varieties hav-
ing large distribution ranges along the gradient
were chosen for phenological survey.
Peucedanum multivittatum MAXIM., Primule
cuneifolia LEDEB., Veronica stelleri PALL. ex

LINK var. longistyle KITAGAWA, Solidage wvir-
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Fig. 2. An illustration of the curves of CFL
(solid line) and CFR (broken line) of Phyllodoce
caerstleq in each quadrat in 1990 (A}, and how to
obtain the average periods (days} of pre-
flowering and fruiting in quadrat A (B).

gaurea L. var. leiocarpa (BENTH.) MIQ. and
Potentilla matsumurae TH. WOLF were deciduous
perennial herbs. Sieversia pentapetala (L.) GREENE
was deciduous dwarf shrubs, and Rhodedendron
auwrewm GEORGL, Phyllodoce caerulea (L.) BABIN-
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Tablel. Environmental conditions of the quadrats.
Quadrat A B C D E
Altitude (m) 1910 19G0 1880 1790 1750
Slope direction SE SE SSE SSE SE
Inclination (7) 5 16 18 11 11
Time of snow- 1989 1 Jul 10 Jul 20 Jul 28 Jul 8 Aug
disappearance 1990 31 May 14 Jun 5 Jul 14 Jul 19 Jul
Snow-free 1989 95 80 70 60 b5
period {days) 1950 130 115 95 85 80

GTON and Phyllodoce aleutica (SPRENG.) A. HEL.-
LER were evergreen dwarf shrubs. P. cuneifolia
and P. matsumurae inhabited quadrats B to E, and
other species inhabited all quadrats.

In 1989 and 1990, flowering and fruiting condi-
tions were surveyed in each quadrat, every five to
10 days intervals from the time of snow disappear-
ance to the end of September. The number of
flowering buds (before flowering), flowers {actual
flowering), developing fruits (before seed matura-
tion) and ripe fruits (seed maturation) per shoot
were obtained for 50 individuals of each herb
species and for 50 stems of each shrub species
chosen at random within each quadrat. For
Sigversia pentapetala, having only one flower per
shoot, measurements were made for 100 stems in
each guadrat. When there were less than 50 (or
100 for S. pentapetala) flowering or fruiting indi-
viduals (or stems) within quadrats, measured
numbers were reduced suitably. There were no
data of 1989 for three evergreen species in qua-
drat A, and for S. pentapetala in all quadrats.
Cumulative percentages of flowering (CFL) and
fruiting (CFR} in each species were regularly
obtained through the season in each quadrat as
follows ; CFL (%)= [(FL+DF+RF)/(FB+
FL+DF+RF)] x100; CFR (%)= [RF/(FB-+
FL4+DF+RF)] x100; (FB: total flowering-bud
number of ohserved individuals or stems, FL:
total flower number, DF: total developing-fruit
number, and RF: total ripe-fruit number).

After drawing the cumulative flowering and
fruiting curves of each species, average length of
pre-flowering and fruiting periods were obtained
in each quadrat as shown by Figure 2. Pre-
flowering period means the days from snow dis-
appearance to 50% CFL, and fruiting period
means the days from 50% CFL to 50% CFR.

It is known that one of the most important

environmental factors controlling flowering and
fruiting times is temperature (BLISS, 1962 ;
HOLWAY and WARD, 1965), Seasonal change of
air temperature was measured at 1700m eleva tion
from May to September in 1990 {measured by T.
YAMADA and Y. KODAMA). Measurement was
done at one hour intervals at the height of I m
from the ground surface with a thermister senisor
and an automatic recorder (KADEC-U). The
values of daily mean were corrected with the
lapse rate of temparature, —0.6°C/100m, in accor-
dance with the elevation of each quadrat. In
order to clarify the relationship between plant
phenology and temperature, effective cumulative
temperatures (K) of daily mean during pre-
flowering and fruiting periods were calculated for
each species in 1990 as follows: K ("C+day)=
% (ts—>5), where threshold temperature for plant
growth was set in 5°C, and t; means daily mean
air temperature above 5°C.

Results
Weather condition

Snow disappeared rather later in 1989 than in
1990 for all quadrats. They were early July (in
quadrat A) to early August {in quadrat E) in 1989,
and end of May (in A) to late July {in E) in 1990,
Snow-free periods were 95 (in A) to 55 days (in E)
in 1989, and 130 (in A) te 80 days (in E) in 1990
(Table 1).

Air temperature increased from early May to
late June, and maintained above 10°C during July
and August with the peak value (13.6°C} in early
August, and abruptly decreased from mid Septem-
ber (Fig. 3). From mid June to mid September,
daily minimum values maintained above 0°C.

Flowering and fruiting conditions
Flowering and fruiting conditions of each
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Table 2.

Flowering and fruiting conditions of each species in 1989 and 1990. F and M : perfect

flowering and fruiting, respectively (100% CEL and CFR), f and m: 100%>CFL and CFR>

509, £ and m’: 50%>CFL and CFR>0%. *:

no flowering or fruiting.

Quadrat A B C D E
Pewcedanum mudtivittatum 1989 FM FM FM FM Fm'
1990 FM FM FM FM FM
Primula cuneifolia 1989 FM FM FM Fm
1990 FM FM FM FM
Veronica stalleri var. longistyla
1989 FM FM Fm Fm Fm’
1990 FM FM FM FM FM
Solidago virgaurea var. leiocarpa
1989 Fm Fm Fm' f* f'*
1990 Fm Fm Fm' Fm' Fm’
FPotentilla matsumurae 1589 FM FM FM Fm
1990 FM FM FM FM
Sieversia pentapetala 1990 FM FM FM FM FM
Rhrododendron auvewm 1989 FM FM Fm’ F* **
1990 FM FM FM FM b
Phyllodoce caerulen 1989 FM FM Fm Fm F*
1980 FM FM FM FM FM
Phyllodoce aleutica 1989 FM FM Fm Fm’ F*
1990 FM FM FM FM FM
°c} |
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Fig. 3. Seasonal change of air temperature of stydy area in 1990. Each column indicates the mean
value and $.D. The vertical bars indicate the ranges during each 10 or 11 days.

species in both the years are shown in Table 2. In
1989, there was no species succeeded in full fruit-
ing (100% CFR) in quadrat E, indicating that
every species reduced, more or less, their repro-
ductive output under the condition of short

snow-free period. Solidago virgaurea var. leiocar -

pa did not attain even full flowering (100% CFL)
in quadrats D and E in 1989, and the CFRs were

less than 50% in quadrats C, D and E in both the
years. Ithedodendron aurewm had no flowers in
quadrat E in both the years and failed to mature
the fruits in quadrat D in 1989. Other species
succeeded in full fruiting in all quadrats in 1990.

Flowering and fruiting characters
In 1989, there were less differences in the
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Fig. 4. Relationship between the time of snow disappearance and pre-flowering period in each
species. Circles denote quadrat A, triangles B, squares C, diamonds D, and stars E. Open symbols
mean the values in 1989, and closed ones in 1990.
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pre-flowering periods within species among qua-
drats; whereas, in 1990, pre-flowering periods of
most species were apparently longer in quadrats
A and B in comparison with other quadrats (Fig.
4). In other words, the patterns of pre-flowering
period were different between before and after
late June in the time of exposure; when snow
disappeared before late June, pre-flowering
periods increased with the accelerated time of
exposure. When snow disappeared after late
June, on the other hand, there was no relationship
between pre- flowering period and snow dis-
appearance time in any species (KENDALL’s rank
correlation test, p>0.10). The late June corre-
sponded to the time in which daily mean tempera-
ture rose near 10°C (Fig. 3). This warm condition
might bring about the stable pre-flowering period
in each species, when snow disappeared after late
June. Thus cumulative temperature for flowering
after winter dormancy, seemed to be
physiclogically determined in each species, and
actual flowering time was affected by the timing
of exposure. In the Taisetsu Mountains, budding
of plants did not occur until early June, in which
mean air temperature was 6.1°C, even in early
exposed places where snow disappeared before
mid May. This means that the threshold tempera-
ture for the beginning of growth is around 5°C.
‘Within quadrats, flowering occurred sequential-
ly as follows; Primula cuneifolia — Rhododen-
dron aurveum — Potentilla matsumurae —
Phyilodoce caerulea — Sieversia pentapetala >
Phyllodoce aleutica — Peucedanum wmullivittatum

— Veronica stelleri var. longistyle — Solidago viv-

gaurea var, leiocarba.

Relationships between flowering time and fruit-
ing period are shown in Figure 5. When plants
bloomed after middle season due to later expo-
sure, most of developing fruits were aborted by
freezing injury by late September. Thus shor-
tened fruiting periods are effective for avoidance
of frost and snow, when plants bloom in later
season. However, there was no negative correla-
tion hetween flowering time and fruiting period
(KENDALL’s rank correlative test, p>0.10) within
species, indicating ahbsence of phenoclogical adjust-
ment for successful seed maturation under short
growing conditions. When fruit matured after
mid September because of later flowering foll-

owed by later exposure, the fruiting periods in
herbs and deciduous shrubs (Sieversia pentapetala}
became longer (Fig.5). In evergreen shrubs,
whereas, fruiting periods were rather stable in-
dependently of their flowering times.

Relationship between effective cumulative tem-
peratures for flowering and fruit maturation in
each species are shown in Figure 6. Summed
value of the effective cumulative temperatures of
pre-flowering and fruiting periods indicates the
potential adaptability for seed maturation under
the condition of short snow-free period. Required
effective cumulative temperature for fruit matu-
ration was minimum in Polentille matsumurae
(270°C+day) and maximum in Sofidago virgaurea
var. leiocarpa (510°C+day). Possibility of success-
ful seed maturation in later exposed places was
higher in Potentilla matsumurae and Primula
cunetfolia, and lower in Solidage virgaurea var.
leiocarpa, Rhododendron aureum, Phyllodoce
aleutica and Fhyllodoce caerilea.

Discussion

Phenology or seasonal growth cycle of plants is
determined by interaction of environmental condi-
tions and phylogenetic constraints (KOCHMER and
HANDEL, 1986). If plants can adjust their
phenological events, it is expected that pre-
flowering and/or fruiting periods should decrease
in later exposed places where growth season is
highly restricted. However, there was no evi-
dence ahout the ability of phenological adjust-
ment for successful seed set against the shortened
growing season. As a reson for absence of
phenological adjustment, physiological limitation
is considered. Decrease in fruiting period means
the reduction of carbon or mineral investment to
seeds due to shortened assimilation period (BLISS,
1971 ; CALLAGHAN, 1974), and it deteriorates the
quality of seeds which directly affects seedling
survivals (GALEN and STANTON, 1991). Under
such limitation, it may be more important for
plants to produce high quality seeds in occasional
long and warm years without decreasing the fruit-
ing periods, because snow condition is highly
variable from year to year even in same place.

In this study, it was proved that pre-flowering
and fruiting periods of alpine plants were firstly
regulated by ambient temperature as denoted by
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Fig. 6. Relationship between the effective
cumulative temperatures (5°C in threshold tem-
perature) during pre-flowering and fruiting
periods. Vertical and horizontal lines denote S.
D. No 8.D. data for fruiting in Solidago virgaur-
ea var. lefocarpa because of only two data.
Broken lines show the isothermal lines of
cumulative temperature for seed maturation
from snow disappearance. Pe: Peucedanim
mucltivittatum, Pr: Primula cuneifolia, Ve:
Veronica stelleri var. longistyla, So: Sofidago
virgaurea var. leiocarpa, Po: Polentille mut-
sumurae, Si: Steversia pentapetala, Rh: Rhodo-
dendron aurewm, Phc: Phyllodoce caeritleq,
Pha: Phyliodoce alentica.

BILLINGS (1974), and WIELGOLASKI and KAREN.
LAMPI {1975). Time of snow disappearance was
secondly factor which affects the starting point of
cumulative temperature. MIZUNO (1987)
mentioned that flowering times of Primula
cuneifolia and Potentilla matsimurae were deter-
mined by the period from exposure rather than by
cumulative temperature. However, this is
because he used the cumulative temperature of
the daily mean above 0°C. The cumulative tem-
perature above 5°C is more substantial for deter-
mination of phenological events in alpine plants
than merely the period from exposure.

Some herbs and deciduous shrubs prolonged
their fruiting periods when they bloomed in later
season. [t obviously seemed to be disadvanta-
geous for successful seed maturation. Since low
air temperature reduces photosynthetic effi-
ciency, the rate of carbon assimilation decreases
in autumn (SCOTT and BILLINGS, 1964). Also, the
decrease in soil terperature affects the water and

nutrient absorptions from roots (BLISS, 1962 ;
KRAMER, 1942). Thus, it is considered that the
decrease in temperature from mid September
brings about the extension of fruiting periods in
herbs and deciduous shrubs as a result of slow
carbon or mineral allocation to fruits.

Sincere thanks to Prof. K. ITO for his wariable
comments on this study, and to K. ONIMARU and
N. WADA for their help in field work. Thanks
also to Drs. YAMADA and Y. KODAMA for their
useful information about air temperature. This
study was supported in part by a Survey Project
Grant from the Ministry of Education, Science
and Culture Japan (No. 02954013).
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