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Photosynthetic Responses and Acclimation to Temperature
in Seven Conifers Grown from Low to High Elevations in

Subtropical Taiwan

Jen-Hsien Weng,"””  Tien-Szu Liao”
[ Summary ]

Since most conifer species are commonly distributed in low-temperature regions, information
of the photosynthetic response to temperature of conifers growing in high-temperature regions is
little known. In order to obtain information on the photosynthetic response of conifers to global
warming, the photosynthetic responses of 7 conifers grown from low to high elevations in subtrop-
ical Taiwan to both growth and measurement temperatures were studied. The results indicated that
plants, except Chamaecyparis obtusa var. formosana, grown at high temperatures (30/23°C, day/
night), exhibited lower inhibition of the light-saturated photosynthetic rate (Py) at high temperature
and an increase in the optimum temperature for photosynthesis (7). The T, values of conifers
with low- and high-elevational distributions grown at low temperatures (20/10°C) were 20~23 and

16~21°C, respectively; and T, values of these conifers grown at high temperatures were 23~27

pt
and 21°C, respectively. Differences in 7,

opt Values for 3 conifers (Nageia nagi, Podocarpus macro-

phyllus, and Calocedrus macrolepis var. formosana) with low-elevation (< 1000~1900 m) distribu-
tions, and 1 conifer (Pinus taiwanensis) with a broad-elevational (750~3000 m) distribution with
low- and high-temperature acclimation were 2.2~7.7°C; those for 2 conifers with high-elevational
distributions (Cha. formosensis and Cha. obtusa var. formosana, 1000~2900 m) were -0.7~2.3°C.
In addition, 1 species with a high-elevational distribution (75uga chinensis var. formosana,
2000~3500 m) grown at low temperatures, and 1 species (P. faiwanensis) with a broad elevational
distribution grown at high-temperatures both maintained relatively high Py values (= 90% of the
maximum) at wide temperature ranges (8~24 and 18~34°C, respectively). From the above results it
was concluded that, just like broadleaf evergreen trees, the photosynthesis of conifer plants distrib-
uted at low and high elevations in Taiwan adapts to the temperature of their habitat through both
genetic variations and thermal acclimation. Conifers with low- and broad-elevational distributions

generally exhibited a higher potentiality for thermal acclimation of the 7, , when growth tempera-

pt
tures shifted from low to high.
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INTRODUCTION

Temperature is a major limiting factor
determining the elevational- and latitudinal-
distributions of plants. Photosynthesis is
readily influenced by temperature; when the
ambient temperature is either above or below
a certain range, photosynthesis increasingly
becomes inhibited. The optimal temperature
for photosynthesis (7,,) is known to vary
among species and within species with dif-
ferent origins that display either genetic vari-

ability or an acclimation to different growth
temperatures (Slatyer 1977, Berry and Bjork-
man 1980, Weng and Ueng 1997, Zhang et
al. 2005, Hikosaka et al. 2006). Plants grown
at high elevations or latitudes generally have

a lower T

o compared to those grown in re-

gions with high temperatures (Slatyer 1977,
Weng and Ueng 1997, Zhang et al. 2005).
On the other hand, some alpine plants show
a much-broader T, range to cope with short-
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term changes in temperature (Engel et al.
1986, Korner and Diemer 1987).

The response of photosynthesis to tem-
perature was found to vary in the same indi-
vidual subjected to different temperature re-
gimes. In many species, the 7, increases with
an increasing growth temperature (Berry and
Bjorkman 1980). This thermal acclimation
was documented under both field conditions,
based on seasonal trends in the temperature
response (Slatyer and Morrow 1977, Lewis
et al. 2001), and growth chamber conditions
by changing the temperature (Slatyer 1977,
Gunderson et al. 2000, Cunningham and Read
2002, Hikosaka et al. 2006).

Conifers are most commonly distributed
in temperate and sub-arctic zones as well as in
alpine and sub-alpine areas of subtropical re-
gions. There are extensive mountainous areas
higher than 3000 m in Taiwan (21°55°~25°
18’N), a subtropical island, where many co-
nifers are distributed in alpine and sub-alpine
areas, and several conifers are also found at
low elevations. For example, Podocarpus
macrophyllus is distributed below 1000 m,
and Pinus taiwanensis is distributed over a
broad range of elevations, i.e., 750~3000 m.
(Li and Keng 1994).

Differences between high- and low-tem-
perature-region forests have long interested
ecologists. In addition, with increases in glob-
al air temperatures induced by the greenhouse
effect, plant responses to increasing tempera-
tures have become a major area of concern in
recent decades (Gunderson et al. 2000, Norby
and Luo 2004). Unlike deciduous species, the
leaves of which are exposed to less-extreme
temperature fluctuations, conifers retain
their needles for several years. Therefore,
their photosynthetic apparatus must be able
to withstand periods of severely low (high-
latitude or high-elevation regions) or high
(lowlands of tropical and subtropical areas)
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temperatures and still retain the capacity for
photosynthesis during intervening warm pe-
riods. Thus, it is important to elucidate the
temperature dependency of photosynthetic
rates for a basic understanding of environ-
mental changes in the future. Because little
information on the temperature response of
photosynthesis of conifers distributed in high-
temperature regions has been reported (Weng
et al. 2009), in the present study, 7 species of
conifers distributed from low to high eleva-
tions in Taiwan were used to determine their
photosynthetic characteristics in response to
various temperature regimes.

MATERIALS AND METHODS

Two or 3-yr-old trees of 7 conifer spe-
cies distributed from low to high elevations in
Taiwan (Table 1), including 2 populations of
P. taiwanensis collected from 800 and 2600
m, were used as materials. The young trees
were grown in pots (16 cm in diameter, 12
cm deep) filled with fine sandy loam, grown
outdoors in a nursery at Taichung (24°10°N,
ca. 70 m). In May 2002, 3~4 mo after being
transplanted, the potted young trees were
transferred to a growth-chamber and exposed
to low (20/10°C, day/night) or high (30/23°C)
temperatures for 3~4 wk. Both treatments
were under the same day/night photo period
of 12/12 h with 800 mol m™ s™ of photosyn-
thetic photon flux density (PPFD), provided
by a metal halogen lamp (HQI-TS 250W/D,
Osram, Miinchen, Germany). One conifer
with a high-elevational distribution, i.e. Tsuga
chinensis var. formosana, was grown at the
low temperature only.

The light-saturated photosynthetic rates
(Py) of young trees grown at different tem-
peratures were measured on intact current-
year needles, which were fully expanded be-
fore being transported to the growth chamber,
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Table 1. Conifer species used in this study and elevations of their distribution (from Li and

Keng 1994)
Species Family Distribution elevation (m)

Nageia nagi Podocarpaceae <1000
Podocarpus macrophyllus Podocarpaceae <1000
Calocedrus macrolepis var. formosana Cupressaceae 300~1900
Chamaecyparis formosensis Cupressaceae 1000~2900
Chamaecyparis obtusa var. formosana Cupressaceae 1300~2800

Pinus taiwanensis Pinaceae 750~3000

Tsuga chinensis var. formosana Pinaceae 2000~3500

in an open gas exchange system (Liao and
Weng 2002) by measuring the differential
CO, concentration with an infrared gas ana-
lyzer (model-880, Rosemount Analytical,
Solon, OH, USA) at temperatures of 10, 15,
20, 25, 30, and 35°C, 75% relative humid-
ity, 1200 mol m™ s of PPED provided by a
metal halide lamp (D400, Toshiba, Tokyo,
Japan), atmospheric CO, concentration, and
a wind speed of 1.5 m s™. The air used for
photosynthesis measurements was taken from
outdoors, at a height 3 m above the roof level.
The humidity of air entering the chamber was
controlled by passing the flow through tem-
perature-controlled water, and it was moni-
tored by a flow-through hygrometer (1100AP,
General Eastern, Watertown, MA, USA). The
temperature in the chamber was controlled
by circulating water through a radiator inside
the chamber, and the temperatures of both the
leaf (7) and air were measured with copper-
constantan thermocouples. Shoots of 10 cm
in length were used for each replication of
each species and kept at each temperature for
about 1 h until the CO, exchange of the nee-
dles had stabilized. One plant was designated
a replicate, and 3 or 4 plants were measured
for each temperature treatment. Because high
and low temperatures might damage the pho-
tosynthetic function (Berry and Bjorkman
1980), during measurement, the temperature
treatment of each plant was carried out in 2

stages, i.e., from 20 to 35°C and from 20 to
10°C. The plant, after going through the tem-
perature treatment of 1 stage, was returned to
the temperature-controlled growth chamber
for 2 d before it underwent the 2nd-stage
temperature treatment. For most plants grown
at high temperatures, the 10°C treatment was
omitted.

The relationship between the relative
light-saturated photosynthetic rate (Py%, us-
ing the maximum rate of the same shoot as
100%) and T was estimated by a polynomial
regression, using Sigmaplot 9.0 software
(Jandel Scientific, San Rafael, CA, USA). A
2nd-order polynomial equation (Py% = a +
bT + cT°) was found to give an adequate fit to
all of the data, and the T, was calculated as
T, = -b/c/2 (Leakey et al. 2003, Zhang et al.
2006). The slope between the T,
temperature of each species or population
was calculated as (7, grown at 30/23°C - T,
grown at 20/10°C) / [(30 +23) /2 - (20 + 10)
/2].

and growth

Seasonal changes in air temperature
at different elevations were obtained from
meteorological data (http://www.cwb.gov.
tw/eng/index.htm) recorded by meteorologi-
cal stations at different elevations in central
Taiwan (Taichung (24°09°N, 120°41’E, 78 m),
Sun Moon Lake (23°52°N, 120°54’E, 1014
m), Alishan (23°31°N, 120°48’E, 2408 m)
and Yushan (23°29°N, 120°57°E, 3858 m)).
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RESULTS

According to the data collected in 1971~
2000 by meteorological stations at different
elevations in central Taiwan, the monthly
mean air temperatures in the lowlands were
ca. 28°C in the warm season and 16°C in the
cool season; and temperature decreases by
about 0.5°C per 100-m rise in elevation (Fig.
D).

Relationships between the P % and T for
all tested conifer species or populations sig-
nificantly fit a 2nd-order polynomial equation
(r =0.615~0.976, p < 0.05~0.001, Fig. 2). We
herein used this equation to estimate the 7,
(Leakey et al. 2003, Zhang et al. 2006); above
and below this temperature, photosynthesis
becomes increasingly inhibited (Fig. 2). When
grown at a low temperature, T, values of 3
conifers with low-elevation distributions and
3 conifers with high-elevation distributions
were 20~23 and 16~21°C, respectively; when

grown at high temperatures, 7, values of

Monthly temperature (°C)
- - o oo W
W o W o W (=}

(=]

'
W

!
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Month

Fig. 1. Mean monthly air temperatures
(1971~2000) from low to high elevations

in central Taiwan. Data were collected

by meteorological stations at different
elevations [Taichung (24°09°N, 78 m, @),
Sun Moon Lake (23°52°N, 1014 m, A),
Alishan (23°31°N, 2408 m, O), and Yushan
(23°29°N, 3858 m, A)].
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these conifers were 23~27 and 21°C, respec-
tively (7. chinensis var. formosana was not
grown at the high temperature). For 1 conifer
(P. taiwanensis) with a broad elevational dis-
tribution, 7, values of populations sampled
separately from low and high elevations were
19 and 18°C, respectively, when grown at low
temperatures; and these temperatures were 26
and 23°C, respectively, when grown at high
temperatures (Figs. 2, 3). These results indi-
cate that in both low- and high-temperature-

grown plants, T,

opt values generally decreased

as the distribution elevation increased; and
acclimation to high temperatures increased
the T, of each species. The difference in 7,
values within the same species grown at low
and high temperatures was 2.2~6.0°C for 3
conifers with low-elevational distributions,
-0.7~2.3°C for 2 conifers with high-eleva-
tional distributions; and 7.7°C for the popula-
tion from a low elevation and 4.5°C for the
population from a high elevation of a broadly
distributed conifer (P. taiwanensis). Slopes
between the T, and growth temperature of
those conifers were 0.19~0.53, -0.06~0.20,
0.67,and 0.39°C °C", respectively (Fig. 3B).

Curve fitting also indicated that P% val-
ues of plants grown at low temperature were
maintained near (> 90%) the maximum of
the T range of 18~28 (N. nagi) to 8~24°C (T.
chinensis var. formosana), and these ranges
for plants grown at a high temperature were
21~33 (N. nagi) to 15~26°C (Cha. obtusa
var. formosana) (Figs. 2, 3). In addition, 7.
chinensis var. formosana, the species with the
highest elevational distribution in the present
study grown at a low temperature, and P. tai-
wanensis, a species with a broad elevational
distribution, grown at a high temperature
maintained relatively high Py% values for a
wide temperature range.

When the T was above and below the
T, the decrease in Py varied with species
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Fig. 2. Effect of measuring temperature (7) on the relative light-saturated photosynthetic
rates (Y) of high- (H, 30/23°C, day/night, dotted line and open symbols) and low (L, 20/10C,
solid line and closed symbols)-temperature-grown conifer species. Different symbols
represent different replicates. Regression lines were fitted using a 2nd-order polynomial
equation (r = 0.615~0.976). * and *** are p < 0.05 and p < 0.001, respectively; LED, BED
and HED are species with low-, broad-, and high- elevational distributions, respectively.

and growth temperature (Fig. 2). A compari- of Py% among species, 3 species with high-
son within the same species indicated that elevaional distributions, i.e., T. chinensis
plants grown at a high temperature usually var. formosana, Cha. Formosensis, and Cha.
showed a higher P % than plants grown at obtusa var. formosana, and 1 species with a
a low temperature at a high measuring tem- broad elevaional distribution, P. taiwanensis,
perature. On the contrary, plants grown at a showed lower decreasing rates of Py at a low
low temperature always showed higher Py% measuring temperature (Fig. 2). Most species
values than plants grown at a high tempera- with either high- or broad-elevational distri-
ture at a low measuring temperature (Figs. 2, butions retained their Py at more than 80% of
3). However, for Cha. formosensis and Cha. the maximum at 10°C when grown at a low
obtusa var. formosana, which have high- temperature. On the contrary, Py values of 3
elevation distributions, little difference in the species with low-elevational distributions, i.e.,
P %-T relation was observed between plants N. nagi, P. macrophyllus, and Cal. macrol-
grown at high and low temperatures. As to epis var. formosana, decreased to 70% of the

the difference in the temperature response maximum at the same temperature condition
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(Fig. 2). In both high- and low-temperature-
grown plants, Py values of the 3 conifers with

350A
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5 | | | | | | | |
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Slope (°C °C™)

02
0.1+ H H
0.0 P FU
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010 P Cm Ptl Pth Cf Co Tc

LED BED HED
Species

Fig. 3. A: Optimum temperature for
photosynthesis (T, closed and open
circles) and the temperature range for the
photosynthetic rate to be maintained at
near the maximum (= 90%) rate (vertical
bars). Closed circles are plants grown at
low temperatures (20/10°C, day/night),
and open circles are plants grown at

high temperatures (30/23°C). B: Slope
between the T, and growth temperature.
Nn, Nageia nagi; Pm, Podocarpus
macrophyllus; Cm, Calocedrus macrolepis
var. formosana; Ptl, Pinus taiwanensis,
low-elevation population; Pth, Pinus
taiwanensis, high-elevation population;
Cf, Chamaecyparis formosensis; Co,
Chamaecyparis obtusa var. formosanas;
Te, Tsuga chinensis var. formosana;

LED, BED and HED, species with low-,
broad- and high-elevational distributions,
respectively.
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high-elevational distributions were sharply
inhibited by high temperature (35°C). But Py
values of the 3 low- and 1 broad-elevational
distribution conifers were slightly inhibited
when they were grown at a high temperature

(Fig. 2).
DISCUSSION

In central Taiwan, the long-term (1971~
2000) mean temperatures of the warmest
month (July) at Taichung (24°09°N, 78 m)
and Alishan (23°31°N, 2408 m) are 28.5
and 14.2°C, respectively; while those of the
coldest month (January) are 16.2 and 5.7°C,
respectively (Fig. 1). The small monthly tem-
perature difference (8.5°C) reflects the cool
summers and warm winters at Alishan, com-
pared to data from temperate and subarctic
regions (Larcher 1995).

Temperature can have profound effects
on the distribution and growth of woody
plants. For example, climatic zones, which
are largely determined by temperature varia-
tions in relation to elevation and latitude,
support specific vegetation types that are
determined by natural selection for various
temperature regimes (Grace 1987). Rates of
physiological processes are also generally af-
fected by temperature. Plants often show pho-
tosynthetic acclimation to the temperature re-
gimes in which they are grown (Slatyer 1977,
Larcher 1995, Weng and Ueng 1997, Zhang
et al. 2005). Results of the present study
indicate that conifers with low-elevational
distributions showed higher relative Py values
at higher temperatures than those with high-
elevational distributions. This suggests an
adaptation of photosynthesis in conifers with
low-elevational distributions to the high tem-
peratures of their native climate.

In temperate regions, 7, values of co-

opt

nifers are 10~25°C (Alexander et al. 1995,
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Larcher 1995, Lewis et al. 2001). Results of
the present study indicate that 7, of 3 coni-
fers with high-elevational distributions that
were grown at low temperature fell between
16 and 21°C (Figs. 2, 3). These values were

within the range of the T, , values of temper-

pt
ate conifer trees and some tropical and sub-
tropical alpine broadleaf plants (Rawat and
Purohit 1991, Cavieres et al. 2000).

However, information on the photosyn-
thesis response to temperature of conifers
distributed at low elevations of subtropical
regions is still lacking. The current study
demonstrated that T,
ature-grown conifers with a low-elevational

values of high-temper-

distribution in Taiwan were 23~27°C (Figs.
2, 3). These values are lower than those of
tropical or subtropical C; crops or plants,
at 30~40°C (Berry and Bjorkman 1980, El-
Sharkawy et al. 1984), but they are close
to those of evergreen broadleaf trees of the
tropics and subtropics (Larcher 1995, Cun-
ningham and Read 2002, Leakey et al. 2003).
These findings imply that photosynthesis of
conifers with low-elevational distributions in
Taiwan has adapted to high temperatures.

We herein found that P. taiwanensis, a
species with a broad elevational distribution,
maintained a relatively high Py (= 90% of
maximum) over a wide temperature range
(18~34°C) when it was grown at a high
temperature (Fig. 2). The same tendency
was also found in our previous study (Liao
and Weng 2002) for Alnus formosana, a de-
ciduous broadleaf tree species with a broad
elevational distribution (near 0~3000 m) in
Taiwan. For another species with a relatively
high Py over a wide temperature range, Engel
et al. (1986) reported that the T,
digyna was similar for arctic, alpine, and

of Oxyria

moderate climate populations. Gunderson
et al. (2000) also reported that despite a dif-
ference in the growing season temperatures

(4°C) at 2 source sites, no differences in 7,
among populations of Acer saccharum from
the 2 sites were found. Thus, maintaining a
near-maximum rate of photosynthesis over a
broad range of temperatures would lessen the
importance of ecotypic adaptations to specific
climate patterns (Gunderson et al. 2000).
Nevertheless, our previous study (Weng and
Ueng 1997) indicated that the 7, of Miscan-
thus, a perennial C, grass with a broad eleva-
tional distribution in Taiwan, varied with the
temperature regime where it grows, i.e., low-
elevation populations showed higher 7, val-
ues than high-elevation populations. From the
above results, it was concluded that in order
to adapt to various temperature conditions of
their habitats, species with broad elevational
distributions possess at least 2 ways of adap-
tation. One is to maintain a near-maximum
rate of photosynthesis over a wide range of
temperatures, and the other is to differentiate
into different inheritable characteristics to
adapt to temperature environments at various
elevations.

Unlike lowlands at high latitudes, tropi-
cal alpine environments are characterized by
high-amplitude diurnal, rather than seasonal,
temperature fluctuations. Plants must main-
tain their physiological activity on a daily
basis year round. In order to adapt to alpine
temperature conditions, some alpine plants
show a much-broader T,
short-time changes in temperature (Engel et
al. 1986, Korner and Diemer 1987). For low-
temperature-grown plants, the same tendency

range to cope with

was found only in 7. chinensis var. formo-
sana, the species with the highest elevational
distribution in this study. It remained at near (>
90%) the maximum as the T ranged 8~24°C,
as calculated from the fitted 2nd order poly-
nomial equation.

With changes in growth temperature,
the photosynthetic characteristics of many
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plants show considerable thermal acclimation.
In general, plants grown at higher tempera-
» values (Slatyer 1977,
Slatyer and Morrow 1977, Berry and Bjork-
man 1980, Gunderson et al. 2000, Lewis et
al. 2001, Hikosaka et al. 2006). The response
of the T,
within the same individual subjected to dif-

tures have higher T,

to growth temperature may vary

ferent temperature regimes. Slatyer (1977)
found a linear relationship between the T,
and growth temperature with a slope of 0.34°C
°C™! for Eucalyptus pauciflora. Similar slopes
were observed for Oxyria digyna (Billings et
al. 1971), Ledum groenlandicum (Smith and
Hadley 1974), and Euc. nitens (Battaglia et
al. 1996). But Battaglia et al. (1996) reported
0.59°C °C™' for Euc. globules. Cunningham
and Read (2002) also found an interspecific
difference in the T,,-growth temperature rela-
tionship. They pointed out that 4 tropical rain-
forest tree species showed greater shifts in the
T, (0.16~0.48°C °C™") than other 4 temperate
rainforest tree species (0~0.35°C °C™"). Results
of the present study indicate that the slopes
between the T,
3 conifers with low-elevational and 2 coni-

and growth temperature of

fers with high-elevational distributions were
0.19~0.53 and -0.06~0.20°C °C™', respectively;
and that of 1 species with a broad elevational
distribution was 0.39°C °C™" for the popula-
tion from a high elevation and 0.67°C °C™' for
the population from a low elevation (Fig. 3B).
This tendency was similar to the difference
in the shift in the T, between tropical and
temperate rainforest tree species. According
to Cunningham and Read (2002), temperate
species maintain close to the maximum Py
over a larger span of growth temperatures
than do tropical species, thus reducing the
need for adjustments of temperature optima.
However, results of the present study suggest
that when the growth temperature shifts from

low to high, the average T, of 3 conifers with
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low-elevational distributions shifted from
21.6 to 25.5°C, while that for 2 conifers with
high-elevational distributions shifted from
20.4 to 20.9°C. These results indicate that
conifers with low-elevational distributions
have a higher potential for thermal acclima-
tion when growth temperatures vary. Also,
the difference in 7, between conifers with
low- and high-elevational distributions was
smaller for low-temperature-grown plants,
and larger for high-temperature-grown plants.

From the results of the present study,
we concluded that similar to findings of
broadleaf evergreen trees, photosynthesis of
conifers with high-elevational distributions
in subtropical Taiwan is more adapted to low
and diurnally harsh temperature conditions,
and that of conifers with low-elevational
distributions can adjust to high temperatures.
When the growth temperatures shifted from
low to high, most of the tested species raised
their 7,

opt>

especially for species with low- and
broad-elevational distributions. In addition,
species with broad elevational distributions
can maintain relatively higher Py values at a
wide temperature range, when grown at high
temperatures. These findings provide impor-
tant information for pertinent research on the
effects of global warming.
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