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Abstract: Microenvironments, net photosynthetic rates and xylem pressure
potentials (XPP) were measured for four evergreen dwarf shrubs (Ericaceae)
co-existing under the edge of a Pinus pumila canopy in the alpine region of Mt.
Norikura on August 13, 1991. The day was clear till about 12 p.m., frequent fog
set in the afternoon. When the leaves were directly exposed to sunlight, their
temperature and leaf-to-air vapor pressure deficit (VPD) increased to about 40°C
and 0.06 Pa Pa~!, respectively. Leaf temperature and VPD were less in the
afternoon when there was fog. The diurnal changes of net photosynthetic rate
showed two peaks in early morning and afternoon, when leaf temperature and
VPD were low. Gaultheria pyroloides, Phyllodoce aleutica and Vaccinium vitis-
idaea took on greater amounts of carbon during the morning than the afternoon,
while the reverse was noted for Rhododendron aureum. V. vitis-idaea had less
carbon gain per unit leaf area during the daytime. The carbon gain per dry mass
of aerial productive-parts (sum of leaf and stem) did not differ among species,
since V. vitis-idaea had a large leaf area ratio. Minimum XPP during the
daytime in P. aleutica and V. vitis-idaea was lower than in the other two species.
V. vitis-idaea especially showed osmotic adjustment and had ridged cell walls.
This species did not, thus, have lower diurnal turgor potential or lower relative
water content (RWC) compared with the other species. R. aureum and G.
pyroloides with high XPP during daytime did not show osmotic adjustment, and
had elastic cell walls.

1. Introduction

Alpine plants live in an environment generally described as cold and windy,
with snow cover, a short growth period and reduced partial pressure of O, and
CO, consequent to decrease in atmospheric pressure (e.g. BILLINGS and MOONEY,
1968; LARCHER, 1983; Briss, 1985; FriEND and WoobpwarD, 1990). Although
early studies on alpine plants described plant communities and floristics (CoOPER,
1908; RYDBERG, 1914; HoLM, 1927; Cox, 1933), recent attempts have been made
to consider ecophysiological traits of plants and their environment together to
explain their distribution (e.g. MOONEY, 1963; MooONEY and JOHNSON, 1965;
BIiLLINGs and MooONEY, 1968; KNapp et al., 1989). Some evidence that some
alpine plants have evolved in response to their particular environment has been
found in recent studies.

The environment in alpine regions is characterized by not only severity but
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also fluctuation. Short-term variations in sunlight characterized by alternating
periods of full sun and shade are common in mountainous regions (Evans, 1956;
Woobs and TurNEer, 1971; YounG and SmitH, 1979, 1983; CHAzDON and FETCH-
ER, 1984; KNaprp and SMiTH, 1988, 1989; KNaPP et al., 1989). Plants growing in
alpine regions are exposed to both high temperature and evaporation demand in
intense solar radiation, and low radiation and evaporation demand in fog. KNnapp
and SmitH (1988, 1989) and KNapp et al. (1989) compared the response of
photosynthetic rates and stomatal conductances to fluctuating sunlight for some
subalpine herbs. Differences in the small-scale distribution patterns of two sub-
alpine herbs, Arnica cordifolia and Arnica latifolia, could be related to the
degree of exposure to continuous full sunlight and their respective capabilities for
withstanding short-term periods of extremely high evaporative demand (Younc
and SwmitH, 1979).

The diurnal changes in microenvironment, xylem pressure potentials of
shoots and photosynthetic rates were measured for four co-occurring evergreen
dwarf shrubs, Ericaceae, in the same habitat in an alpine region of central Japan
on a summer day. The present study was conducted to determine (1) the
differences of responses among co-occurring species in photosynthetic rate and
water relations to fluctuating sunlight, and (2) the relationships between the
ecophysiological traits in water use and carbon gain and the pressure-volume
characteristics.

2. Materials and Methods

2.1. Study site and materials

The study was carried out in an alpine area on Mt. Norikura, in Hida
mountains, in central Japan (36°06'N, 137°33’E, alt.. 2850 m). Mean annual
temperature was —2.4°C and warmth and coldness indices, 13.4 and 102.7°C
Month, respectively, from 1982 to 1989 (climate data from the Norikura Solar
Observatory). Mean air temperature and precipitation in August were 11.3°C and
304 mm, respectively, from 1982 to 1989. The frequency of clear sky was 41.3%
at 9 a.m. and 17.3% at 3 p.m., and the frequency of foggy and cloudy sky was
43.3% at 9 a.m. and 63.9% at 3 p.m. in August from 1982 to 1989. Soil of the
study stand is volcanic origin. The study site was on the east-facing slope in the
stand. The snow-free season is about June to November at this stand. Dwarf
pine, Pinus pumila (PALLAS) REGEL, covers a rock-free area in the stand. The
canopy height is about 40 cm. Some dwarf cushion-forming species co-existed
under the edge of the P. pumila canopy. The shoot heights of cushion plants
were less than 20 cm. Current shoots elongated from July in these species. Leaf
expansions was finished by September. Four major species, Gaultheria pyroloides
Hook. et THowms., Phyllodoce aleutica (SPRENG.) A. HELLER, Rhododendron
aureum GEeorGl and Vaccinium vitis-idaea L., were chosen from cushion plants.
The study site was 40 cm toward the open area from the edge of the P. pumila
canopy. All species were evergreen shrubs of Ericaceae. Another major species
in the stand was Empetrum nigrum L. var. japonicum K. KocH, Empetraceae.
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2.2. Field surveys

Microclimatological measurements were made on August 13, 1991. The data
were stored every minute in data-loggers (THERMODAC-E, Eto-Denki Co.
Ltd., Tokyo, Japan). Ambient air temperature (7,,) at the canopy height and
leaf temperature (7}.,s) Were measured with fine-wire copper constantan thermo-
couples (diameter: 0.1 mm, Hayasi-Denko Co. Ltd., Tokyo, Japan). Tj.,; was
measured with thermocouples attached to the abaxial leaf surface by adhesive
tape. Photosynthetically active photon flux density (PPFD ; pmol m™2 s7},
400-700 nm of wave length) was determined with a quantum sensor (IKS-25,
Koito-Kogyo, Co. Ltd., Tokyo, Japan) placed over the canopy. Relative humid-
ity (RH) was measured with a thin-film capacitance sensor (HMD-30Y, Vaisala
Inc., Helsinki, Finland) placed on the canopy. An aluminum roof was fixed
above the humidity sensor to prevent direct solar radiation. Atmospheric pressure
was 71 kPa on this day.

An ecophysiological study was made while taking microclimatological data.
For G. pyroloides, P. aleutica and V. vitis-idaea, ecophysiological data were
obtained from current year shoots. For R. aureum, measurement was made for
current year leaves. The diurnal time variations of net photosynthetic rate and
total vapor conductance (stomatal and cuticular conductance) of current year
shoots in each species were measured with an H,0/CO, portable porometer
(Li-6200, Li-Cor Inc., Nebraska, U.S.A.). Xylem pressure potential (XPP) in
each species was determined with a Scholander-type pressure bomb (PMS-600,
Plant Moisture Stress Inc., Oregon, U.S.A.) immediately after cutting off shoots
or leaves (SCHOLANDER et al., 1965).

2.3. Laboratory experiments

Aerial shoots were collected on August 16, 1991. They were divided into
flower, bud, leaf, and stem organs. The leaf area was measured with an area
meter (Li-3000, Li-Cor Inc., Nebraska, U.S.A.). Each organ was then dried at
80°C and weighed.

To determine differences in the bulk modulus of elasticity and osmotic
potential at full turgor among species, three pressure-volume (PV) curves were
obtained for shoots of each species. Experiments were conducted using current
year shoots of G. pyroloides, P. aleutica and V. vitis-idaea, and current year
leaves of R. aureum. All shoots were collected on August 16, 1991 and fully
rehydrated by covering them with polyethylene bags for more than 12 hours
under dark and moist conditions. They were subsequently dehydrated at room
temperature. XPP decreased in steps of about 0.2 MPa. The leaf area and dry
mass of each sample were measured after obtaining PV curves. Water-saturated
leaf mass in each sample was extrapolated using the linear regression function of
XPP to fresh leaf mass. Changes in relative shoot water content (RWC) were
determined from water-saturated shoot mass and average fresh mass before and
after measurements of XPP by the following equation (MARUYAMA and MORIKA-
wa, 1983).
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RWC=(average fresh mass — dry mass)/
(water-saturated fresh mass — dry mass). §))

The bulk modulus of elasticity (¢) in cell walls was determined by linear
regression between turgor potential (¥p) and RWC. The regression fitted the
phase at which ¥p sharply decreased with decrease in RWC. The shoot capaci-
tance (C) was calculated by the following equation.

C=(water-saturated fresh mass — dry mass)/e. (2)

3. Results

Microclimate
The day was clear in the morning and frequently foggy in the afternoon.
PPFD exceeded 2500 pmol m~2 s™! in the morning (Fig. 1a). PPFD peaked at
about 12 p.m. and then decreased with fluctuation due to fog in the afternoon
(Fig. 1a). RH decreased with the increase in PPFD and T;, in the morning, and
increased with fluctuation due to fog in the afternoon (Fig. 1b). Maximum 7.,
values of G. pyroloides, P. aleutica, R. aureum and V. vitis-idaea were 35.6,
34.5, 40.4 and 40.2°C, respectively, in the morning. Maximum leaf to air
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Fig. 1. Diurnal patterns of microclimates on August 13, 1991: (a) photosynthetically active photon flux

density (PPFD), (b) relative humidity (RH), (c) ambient air temperature (T,,) and leaf
temperature (T.,¢) in Rhododendron aureum, (d) difference of air temperature with leaf
temperature in R. aureum, (e) leaf-to-air vapor pressure deficit (VPD) in R. aureum.
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temperature differences of G. pyroloides, P. aleutica, R. aureum and V. vitis-
idaea were 12.2, 11.0, 19.9 and 19.9°C, respectively, in the morning. Leaf
temperature in the afternoon was less than air temperature for all species.
Leaf-to-air vapor pressure deficit (VPD) increased with the decrease in RH and
increase in Tjea in the morning. A sudden decrease in VPD due to fog was
noted in the afternoon (Fig. le).

3.2.  Photosynthesis

Maximum net photosynthetic rates of G. pyroloides, P. aleutica, R. aureum
and V. vitis-idaea in the morning were 13.3, 11.2, 7.7 and 6.5 uymol m 2 s},
respectively. Net photosynthetic rates in G. pyroloides and P. aleutica peaked
from 7 to 8 a.m. and, in R. aureum and V. vitis-idaea, from 8 to 9 a.m. (Fig. 2).
Net photosynthetic rates showed a second peak during the afternoon in all
species. The first peak in the morning was higher than the second peak in the
afternoon in G. pyroloides and P. aleutica. In R. aureum and V. vitis-idaea, first
and second peak values were essentially the same (Fig. 2).

V. vitis-idaea had the lowest net CO, gain per unit leaf area during the
daytime, 0.144 mol m~2 (Table 1). Net CO, gain per unit dry mass of aerial
productive-parts (leaf and stem, excluding flower and fruit) during the daytime
did not, however, differ among the species, owing to the high leaf area ratio (the
ratio of leaf area to dry mass of aerial productive-parts) of V. vitis-idaea. The
percentages of net CO, gain during the morning to total diurnal net CO, gain
were 84.1, 68.8, 45.1 and 82.6 % in G. pyroloides, P. aleutica, R. aureum and V.
vitis-idaea, respectively.

—
H

121 a Gaultheria | ¢, Rhododendron
pyroloides aureum
10 -
- [
8 I o
6 L =
4+ L )
2 r 3
0. Attt ¢ 2 *
1-% N ) L P L L L L L L1 ¢ t
12 b b) Phyllodoce | d) Vaccinium

aleutica vitis-ldaea

8

6 = 1
4 F

2 -

0

2

, L —\ 1 i i e M

) N

Net photosynthetic rate (pmol mi%s™)

L i 1 1. 1 i i

0 3 6 9 1215 18 21240 3 6 9 12 15 18 21 24
Time of day (h)

Fig. 2. Diurnal patterns of net photosynthetic rates of a) G. pyroloides, b) P.
aleutica, (c) R. aureum, (d) V. vitis-idaea on August 13, 1991. Bold lines
are visually fitted curves. '
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Table 1. Net carbon gain per unit leaf area and per unit productive-part (P-part) dry
mass of aerial shoot in daytime, August 13, 1991. Leaf area ratio per unit P-
part dry mass in aerial shoots shows morphological characteristics of aerial
shoots in each species examined.

Gaultheria Phyllodoce  Rhododendron Vaccinium
pyroloides aleutica aureum vitis-idaea
Net carbon gain per until leaf area
(mol m~2 daytime~") 0.222 0.228 0.245 0.144
Net carbon gain per unit P-part dry
mass (mmol g-! daytime-") 1.13 1.17 1.11 1.25
Leaf area ratio of P-part dry mass
in aerial shoots (x10-3 m2g-!) 5.09 5.13 453 8.69
Ratio of net carbon gain in the moming 84.1 68.8 45.1 82.6

to net carbon gain in the daytime (%)

3.3. Water relations

V. vitis-idaea and P. aleutica showed lower osmotic potential at full turgor,
(—1.79 and —1.57 MPa respectively), than other species (Fig. 3 and Table 2). R.
aureum indicated the highest osmotic potential at full turgor, —1.38 MPa. XPP at
the turgor loss point of R. aureum was the least (—2.08 MPa). That of P.
aleutica was the highest (—1.80 MPa). For V. vitis-idaea and P. aleutica, larger
bulk modulus of elasticity in cell walls (¢) was noted (33.3 and 22.2 MPa,
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Fig. 3. Relationships of xylem pressure potentials (O), turgor potentials (®) and osmotic
potentials (X) to relative water content of shoots (RWC) determined from PV curves in
a) G. pyroloides, b) P. aleutica, (c) R. aureum, (d) V. vitis-idaea on August 16, 1991.
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Table 2. Osmotic potential at full turgor, xylem pressure potential at turgor loss point,
bulk modulus of elasticity in cell walls, and capacitance of shoots examined
on August 16, 1991.

Gaultheria Phyllodoce  Rhodopdendron Vaccinium

pyroloides aleutica aureum vitis-idaea
05'3023"??;2?3' (MPa) —1.40 —1.57 —138 —1.79
e ungor loss poit (P  ~ 189 —1:80 —2.08 -9
Bulk 'c'gf‘&‘f"s‘;’fee'“‘(iﬂga) 122 22 7.0 333
Capacitance of shoot ; C 0.40 0.21 1.41 0.14

(mol m~2 MPa!)

respectively) and shoot capacitance (C) was smaller (0.14 and 0.21 mol m™2

MPa~!, respectively).

P. aleutica and V. vitis-idaea, having lower osmotic potential at full turgor
and larger bulk modulus of elasticity in cell walls, showed lower XPP in the
daytime (Fig. 4). Minimum XPP during the daytime in each species was recorded
at about 8 a.m. for P. aleutica, R. aureum and V. vitis-idaea (Fig. 4). Gently
decreasing in the morning, XPP in G. pyroloides was smallest at about 9:30 a.m.
The XPP changes during fogginess in the afternoon were the same for all species.

s 0

£

S

€ 05

°

py o

o

g A o

a2 -1.0 D% o 0 G. pyrololdes
a o P aleutica
a A R aureum

E | o V. vitis-idaea
K] -15 1 ! [ 1 1 1 )
;‘ 0 3 6 9 12 15 18 21 24

Time of day (h)
Fig. 4. Diurnal changes of xylem pressure potential (XPP) in the four species on
August 13, 1991.

Figure 5 shows diurnal changes in turgor potential and RWC determined
from diurnal patterns in XPP in Fig. 4 and PV curves in Fig. 3. Although XPP
of P. aleutica and V. vitis-idaea was lower in the morning than that of the other
two species (Fig. 4), the estimated turgor potential of V. vitis-idaea was not
lower. Estimated diurnal RWC of P. aleutica and V. vitis-idaea was higher than
that of the other two species.
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Fig. 5. Diurnal changes in turgor potential and relative water content (RWC)
estimated from diurnal patterns of xylem pressure potential indicated in
Fig. 4 and PV curves shown in Fig. 3.

4. Discussion

4.1. Microclimate

High leaf-to-air vapor pressure deficit (VPD) and leaf temperature (7c.)
caused severe dehydration in dwarf shrubs in alpine regions, when leaves were
exposed to direct radiation on a summer day (Fig. 1). Alpine cushion plants
(SPOMER, 1964; SALISBURY and SPOMER, 1964) and alpine rosette plants (SCHULZE
et al., 1983) in Europe and Africa have also shown high VPD and T, These
VPD and T, values were equivalent to those observed in plants in dry
environments such as desert and chaparral (ULMANN et al., 1985; SmitH and
OsMmOND, 1987; NIELSEN et al., 1990), Mediterranean (LANGE et al., 198S;
TENHUNEN et al., 1987) and grass steppe (MONSON et al., 1986).

Fog often sets in in alpine regions on summer days in central Japan. Fog
was a major environmental factor in suppressing T.,s and VPD of plants in the
alpine region (Fig. 1). In this study, when direct radiation was prevented by fog
in the afternoon, RH increased and T\.,; and VPD decreased in all the species.
T\ear and VPD of alpine plants under foggy conditions were basically the same as
those of understory plants in cool temperate regions (YounG and SMiTH, 1979;
IsHIDA et al., 1992).
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4.2. Photosynthesis

Net photosynthetic rates in all species decreased at midday (Fig. 2). Stomatal
closures and decreases in net photosynthesis rate with increase in VPD have been
observed in some plants in alpine regions (SCHULZE et al., 1985; KORNER and
CocHRANE, 1985). Optimum leaf temperatures for photosynthetic rate are rel-
atively low in many alpine plants (BiLLINGS and MooONEY, 1968; LARCHER, 1973;
Pisex et al., 1973; SLATYER, 1978). The optimum leaf temperature of photo-
synthesis in Loiseleuria cetrariosum, evergreen dwarf shrub of Ericaceae in the
Alps, has been observed to be about 10 to 15°C (GRABHERR and CERNUSCA,
1977). High T, and VPD under non-foggy conditions during the daytime may
be sufficient to depress net carbon gain. .

There were two peaks for net photosynthetic rates in all species: 1) early
morning before T, and VPD became high, and 2) afternoon when fog caused
decreases in T\.,; and VPD (Fig. 2). There were two types of diurnal patterns of
net photosynthetic rates among the four species studied. G. pyroloides, P.
aleutica and V. vitis-idaea took on larger amounts of carbon in the morning than
in the afternoon, while R. aureum did so in the afternoon (Table 1) and was thus
more capable of using foggy conditions for carbon gain.

KARLssON (1989) compared carbon gains per unit leaf mass throughout the
growing season for plants growing together in a subarctic region of Sweden. The
carbon gain during the growing season did not significantly differ between two
co-occurring evergreen dwarf shrubs, Vaccinium vitis-idaea and Empetrum her-
maphoroditum. In this study, V. vitis-idaea showed lower net carbon gain per
unit leaf area than that of other species during the daytime (Table 1). The
amount of fixed carbon per unit dry mass of aerial productive-part was, however,
essentially the same for all four species, since the leaf area ratio of V. vitis-idaea
was the largest (Table 1). The morphological characteristics of aerial shoots in V.
vitis-idaea, thus, compensated for the low net carbon gain per unit leaf area. It
may be important for co-existence among species that the plants in a same
habitat gain the same amounts of carbon.

4.3. Water relations

V. vitis-idaea and P. aleutica, whose XPP was low in the morning due to
direct solar radiation, showed not only large bulk modulus of elasticity in cell
walls but low osmotic potential at full turgor (Fig. 4 and Table 2). The same
phenomenon has been reported for species growing in a cool temperate forest,
that is, species with low XPP in daytimes had rigid cell walls and low osmotic
potential at full turgor (ISHIDA et al., 1992). In plants with rigid cell walls, XPP
drops rapidly as a result of slight shoot dehydration without direct energy
consumption (SALLEO, 1983), and large decrease in RWC does not occur with
reduction in XPP (IsHIDA et al., 1992). These species exhibited high RWC
because of their rigid cell walls, even when XPP decreased considerably (Figs. 4
and 5).

Plants maintain their turgor potential by having low osmotic potential at full
turgor. This is referred to as osmotic adjustment (TURNER and JoNEs, 1980).
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RoBicHAUX (1984) hypothesized that this is of significant potential benefit in
terms of diurnal turgor maintenance in some Hawaiian plants. In the present
study, the diurnal turgor potential of shoots was maintained in all species and the
variation among species in turgor potential was less than that in RWC of shoots
(Fig. 5). Diurnal turgor maintenance may thus be important. However, P.
aleutica, having the lowest XPP and turgor potential in the morning under direct
exposure to sunlight, showed no effective osmotic adjustment. This indicates
weak drought tolerance in this species. The distribution of P. aleutica is biased
toward mesic stands, such as snow-bed sites, in alpine regions of Japan (Mizuno,
1986, 1990).

R. aureum showed clearly different water relations and diurnal changes of
net photosynthetic rate from the other three species. This species had low bulk
modulus of elasticity in cell walls and large capacitance compared with the other
species (Fig. 4 and Table 2). Apparent osmotic adjustment was not noted in R.
aureum (Table 2). Although RWC of R. aureum largely decreased with the
decrease in XPP, turgor potential was maintained because of the large capaci-
tance (Fig. 5 and Table 2). Water relations in R. aureum with more elastic water
storage shoots show the function of water conservation. The water use efficiency
(the ratio of net photosynthetic rate to transpiration rate) in R. aureum during
the afternoon was greater than that in the other three species (data not pres-
ented).

5. Conclusions

Although the diurnal changes in net photosynthetic rate and XPP differed
among four co-occurring species in this alpine zone, the amounts of diurnal
carbon gain per unit dry mass of aerial productive-parts was essentially the same
for all species. V. vitis-idaea compensated low carbon gain per unit leaf area by
having high leaf area ratio. Not only physiological but also morphological traits
of plants determined their dry matter production. The dry matter production
might made sure of co-occurring of plants.

XPP of V. vitis-idaea and P. aleutica largely and sharply decreased in the
clear morning. These species had leaves which can withstand low XPP, because
of having ridged cell walls and showing osmotic adjustment. These species took
on larger amounts of carbon in the morning in direct sunlight than in the foggy
afternoon. On the other hand, XPP of R. aureum and G. pyroloides did not,
sharply and largely decreased in the morning, in contrast to the former two
species. These species had leaves with elastic cell walls and did not show obvious
osmotic adjustment. Although R. aureum showed greater carbon gain in the
foggy afternoon than in the morning, G. pyroloides did so in the morning.
Further studies are needed to determine the physiological traits which cause the
differences in diurnal changes of net photosynthetic rate between these two
species.
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