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Abstract

Experiments were conducted in an alpineKobresia humilis meadow near Haibei Alpine Meadow Ecosystem Research Station
(37◦29′–37◦45′N, 101◦12′–101◦33′E; altitude 3200 m). Effects of enhanced ultraviolet-B (UV-B) radiation on photosynthesis of
the alpine plants ofSaussurea superba andGentiana straminea were investigated. Both species were exposed to a UV-BBE density
at 15.80 kJ m−2 per day, simulating nearly 14% ozone (O3) reduction during the plant growing season. Neither photosynthetic
CO2 uptake rate nor photosynthetic O2 evolution rate were decreased after a long period of enhanced UV-B radiation treatment.
On the contrary, there was a tendency to increase of both parameters in both species. The photosynthetic pigments were also
increased, when expressed on a leaf area basis. UV-B absorbing compounds, detected by the absorbance values at 300 mm, had
a tendency to increase in both species after enhanced UV-B radiation. After long-term exposure of plants to enhanced UV-B
radiation, leaf morphology was also affected. Leaf thickness in bothS. superba andG. straminea were increased significantly
(P < 0.001). This supports our hypothesis that the increase of leaf thickness in both species after long-term exposure of
enhanced UV-B radiation could compensate for the photodestruction of photosynthetic pigments when light passes through the
leaf. Therefore, photosynthesis is not reduced in either species when expressed on leaf area basis.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Solar ultraviolet-B (UV-B; 280–315 nm) radia-
tion can partially penetrate the atmosphere and reach
the Earth’s surface. This could have biological con-
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sequences. Solar UV-B radiation flux is higher at
high elevation, because of less air mass and greater
transparency of the alpine atmosphere to shorter
wavelength radiation (Madronich et al., 1995). It
has increased, especially at higher latitude due to
stratospheric ozone (O3) depletion mainly caused by
emission of chlorofluorocarbons (CFCs) (Albritton
and Watson, 1990). Recent evidence (Herman et al.,
1996; Pyle, 1997; Caldwell et al., 2003; McKenzie
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et al., 2003) indicated that there is also a significant
upward trend in solar UV-B radiation at middle and
high latitudes in the northern hemisphere.

Numerous studies have been conducted to assess
the effects of enhanced UV-B radiation on various
organisms (Caldwell et al., 1995; Longstreth et al.,
1995; Rozema et al., 1997, 1999). Effects of solar
UV-B radiation on higher plants can be divided into
two categories: damaging effects and photomorpho-
genetic effects. Damage or inhibition is often observed
on photosynthesis, growth and so on, especially in
sensitive species or under high UV-B doses (often in
combination with unnaturally low photosynthetically
active radiation (PAR) doses). Photomorphogenetic
effects are often found in field studies on leaf weight
ratio, plant height, branching, etc. (Caldwell et al.,
1989, 1995; Johanson et al., 1995). Changes in mor-
phology can result in reduction or increase of growth
due to displacement of the competitive balance among
species. Susceptibility of plants to solar UV-B ra-
diation varied among species, and it also could be
influenced by the growing conditions such as PAR,
mineral deficiency, and water stress (Caldwell et al.,
1995). These aspects will be very important for grass-
land and forest ecosystems under enhanced UV-B
radiation.

The Qinghai-Tibet Plateau is known as the third
polar region on Earth, being one of the most sensitive
regions to the global environmental changes.Zhou
et al. (1995)demonstrated that in the past decades,
the total ozone level over China has decreased con-
tinuously. The situation on the Qinghai-Tibet Plateau
could become very serious if this lower total level
of ozone is maintained. When direct measurements
of solar UV-B radiation intensity near the Earth’s
surface were conducted, the UV-B radiation inten-
sity was higher in Qinghai-Tibet Plateau regions
when compared with other lower elevation regions
(Guo et al., 1994; Shi et al., 1999). The alpine
plants growing in these regions were often under se-
rious stresses such as low temperatures and strong
solar radiation, they have adapted during a long
evolution.

Our previous studies on photosynthesis indicated
that in some species such asGentiana straminea of-
ten increases after enhancement of UV-B radiation ex-
cept in some species (Shi et al., 2001). Although this
phenomenon has already been reported (Beyschlag

et al., 1988; Johanson et al., 1995), however, its rea-
son is still not clear. In many field trials, one of the
obvious phenomena was the changes in plant pho-
tomorphogenetic parameters, such as leaf thickness,
leaf angle and canopy architecture (Rozema et al.,
1997; Manetas, 1999). Increased leaf thickness under
enhanced UV-B is likely to reduce UV-B damage
to leaf cells. At the same time, reduced PAR lev-
els in thicker leaves might reduce leaf photosynthe-
sis (Rozema et al., 1997, 1999). At the Haibei Alpine
Meadow Ecosystem Research Station (3200 m), both
UV-B and PAR are higher than other two lower el-
evation regions such as Lanzhou (1800 m) and Nan-
jing (32 m) (Shi et al., 1999). Our hypothesis is that
they may be important to effect negatively morpho-
genesis under enhanced UV-B and then subsequently
leaf photosynthesis if the plants are not sufficiently
adapted. In this study, we have carried out series of ex-
periments to investigate this mechanism, we also pro-
pose an adaptation mechanism for certain alpine plants
species to strong solar UV-B radiation growing in this
region, and its possible impacts on photosynthesis and
alpine meadow ecosystem under stratospheric ozone
depletion.

2. Materials and methods

2.1. Plant materials and growth conditions

A field UV-B irradiation system has been estab-
lished in the alpineKobresia humilis (C.A. Mey.)
Serg. meadow region near Haibei Alpine Meadow
Ecosystem Research Station, The Chinese Academy
of Sciences. The Research Station is located at the
northeast of Qinghai-Tibet Plateau, and south hillside
of the Leng-Long-Ling which is at the east of the Qil-
ian Mountains, 37◦29′–37◦45′N, 101◦12′–101◦33′E;
altitude 3200 m. It is situated in the inland with a
typical plateau continental climate. As influenced by
the higher elevation, the air temperature is very low
with only cold and warm seasons. The annual av-
erage air temperature is−1.7◦C, with the warmest
month at 9.8◦C, and the coldest month at−14.8◦C.
The annual precipitation is about 600 mm with nearly
80% mainly in the plants growing season from May
to September. The air is thin with annual average of
the barometric pressure at 691.4 hPa.
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The alpineK. humilis meadow is one of the main
vegetation types in these regions, containing various
perennial grasses and forbs (depending on grazing
intensity). The canopy structure of the plant commu-
nity is simple, and plant height is low, so the primary
productivity is small in this plant community. The
predominance species isK. humilis with sub-pre-
dominance species ofFestuca ovina Linn., Stipa
aliena Keng andElymus nutans Griseb.,Saussurea
superba Anth. andG. straminea Maxim. are peren-
nial herbaceous broad-leaf species, and are mainly
accompanied plant species in theK. humilis meadow
(Zhao and Zhou, 1999). Both species are widely dis-
tributed in Qinghai-Tibet regions and also are adapted
to different environments, such as hill grass, bush
lawn, river rapids, alpine meadow, and so on.

2.2. UV-B setup and irradiation

The field experiment began in May 1999. It is based
in open areas of alpineK. humilis meadow and con-
centrated on the impacts of enhanced UV-B radiation
on the structure and function of plant community. En-
hanced UV-B radiation was supplied from three of
six metal frames (2.5 m× 1.3 m× 0.75 m high), each
with six 40 W fluorescent lamps (UV-B-313, Beijing
Electric and Light Source Institute, PR China). The
UV-B radiation from the lamps was passed through
a single sheet of cellulose diacetate film (0.13 mm;
Courtauld Specialty Plastics, P.O. Box 5, Spondon,
Derby DE2 7BP, UK) to cut-off ecologically irrelevant
UV-C (<280 nm); a 0.13 mm thick clear Mylar film
(E.I. du Pont de Nemours and Company, 1007 Mar-
ket Street, Wilmington, DE 19898, USA) was used
to absorb almost all radiation below 320 nm for the
other three frames to serve as controls. The cellulose
diacetate film was replaced weekly and the Mylar film
biweekly. The irradiation started in early May when
most of the species began to germinate, and run un-
til mid-September when most of species entered the
wither phase. The plant species were irradiated for
7 h each day centered around local solar noon time
(about 13:15 h Beijing time) and controlled by timers
providing a stepwise “square wave” increase of daily
UV-B exposure. The enhanced UV-BBE density was
15.80 kJ m−2 per day. Enhanced UV-B treatment was
the ambient solar UV-B in addition to UV-B radi-
ation from fluorescent lamps. The model described

by Björn and Teramura (1993)was used to calcu-
late the daily increase in UV-B radiation resulting
from 14% ozone depletion under the clear day at the
Haibei Alpine Meadow Ecosystem Research Station
region.

2.3. Net photosynthesis rate measurement

Photosynthetic O2 evolution rate was measured by
oxygen electrode (SP-2, Shanghai Plant Physiology
Institute, The Chinese Academy of Sciences). Five
discs with diameter 7 mm were punched out from
different leaves for measuring the net photosynthetic
O2 evolution rate according to the methods used by
Li et al. (1982). The measurement conditions were
as follows: the temperature was at 25◦C; PAR in
the chamber was 1800�mol m−2 s−1 supplied with
a 150 W halogen lamp; CO2 in solution was sup-
plied by 25 mmol l−1 NaHCO3, which was dissolved
in 50 mmol l−1 pH 7.5 phosphate buffer.

Photosynthetic CO2 uptake rate was measured di-
rectly in the field with a CI-301PS portable photosyn-
thetic system (CID Inc., Washington, USA). The air
was collected from an elevation of 2 m above ground.

2.4. UV-B absorbing compounds, chlorophyll, and
carotenoid contents

Healthy and fully expanded leaves were collected
from enhanced UV-B irradiation and ambient UV-B
radiation frames. Ten leaf discs (7 mm diameter) from
treated and control leaves, respectively, were put into
bottles containing 10 ml methanol, HCl and H2O
(79:20:1, v/v/v) for determining UV-B absorbing
compounds as described byDay et al. (1994). Other
sets of 10 leaf discs were put into separate bottles
containing 10 ml ethanol, acetone and H2O (4.5:4.5:1,
v/v/v), which was more stable when tightly closed
bottles were kept in cold and dark for nearly 3 weeks
(Zhu, 1990). Each experiment was repeated four
times. The samples were filtrated and absorbance of
supernatants measured. UV-B absorbing compounds
were estimated by measuring absorbance from 250 to
400 nm with a UV-Vis spectrophotometer (UV-1601,
Shimadzu). Chlorophylls and carotenoids were es-
timated by measuring absorbance at 663, 645 and
440 nm. Their calculations were made according to
methods ofZhu (1990).
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2.5. Leaf thickness, leaf length and leaf width

Healthy and fully expanded leaves ofS. superba
and G. straminea were measured directly from en-
hanced UV-B irradiation and ambient UV-B radiation
frames. The leaf thickness was measured with a caliper
(Guilin Measurement Factory, Guangxi, PR China),
leaf length and leaf width were measured with a mil-
limeter ruler.

2.6. Statistical analysis

The independent-samplest-test was used to assess
the difference between ambient UV-B controls and
enhanced UV-B treatment. Levels of significance in
the differences of leaf thickness, leaf length, leaf width
were analyzed by one-way ANOVA. All analyses were
performed by SPSS (version 10.0) and the results were
expressed as mean values and their standard deviations
(S.D.).

3. Results

Both photosynthetic O2 evolution rate (Fig. 1) and
photosynthetic CO2 uptake rate (Fig. 2) of S. superba
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Fig. 1. Effects of enhanced UV-B radiation on photosynthetic O2 evolution rate ofS. superba and G. straminea in K. humilis meadow.
Values are means±S.D. (n = 5). There was a significant difference between ambient UV-B and enhanced UV-B treatments only appeared in
S. superba (P < 0.05). (∗) Significantly different atP < 0.05 level with t-test; (N.S.) No significant difference atP < 0.05 level with t-test.

and G. straminea were increased or remained at the
same level after long period of enhanced UV-B ra-
diation treatment.S. superba had a significant differ-
ence (P < 0.05) between ambient UV-B and enhanced
UV-B treatments in photosynthetic O2 evolution rate
(Fig. 1), while G. straminea had a significant differ-
ence (P < 0.05) in photosynthetic CO2 uptake rate be-
tween ambient UV-B and enhanced UV-B treatments
(Fig. 2).

The amounts of photosynthetic pigments were ex-
pressed both on leaf fresh weight (FW) and leaf area
basis (Table 1). In G. straminea, on a unit fresh weight
basis, enhanced UV-B radiation caused 21% increase
in chlorophylls and 18% increase in carotenoids, while
only 6.1% increase in chlorophylls and 6.3% increase
in carotenoids measured on a leaf area basis. But only
carotenoid contents measured on a fresh weight basis
were significant (P < 0.05) between the two radiation
treatments (Table 1). In S. superba, chlorophylls and
carotenoids were slightly affected by enhanced UV-B
radiation.

As an estimate of UV-B absorbing compounds,
absorbance values at 300 nm were representatively
chosen and expressed inA300 cm2 (leaf area). In
S. superba, the UV-B absorbing compounds were
2.652± 0.049 and 2.730± 0.058 in ambient UV-B
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Fig. 2. Effects of enhanced UV-B radiation on photosynthetic CO2 uptake rate ofS. superba andG. straminea in K. humilis meadow. Values
are means± S.D. (n = 10). There was a significant difference between ambient UV-B and enhanced UV-B treatments only appeared inG.
straminea (P < 0.05). (∗) Significantly different atP < 0.05 level with t-test; (N.S.), no significant difference atP < 0.05 level with t-test.

and enhanced UV-B treatments, respectively, inG.
straminea, 2.087± 0.095 and 2.265± 0.146, respec-
tively (data not shown in figure or table). Although
no significant differences in UV absorbance were
detected, enhanced UV-B radiation treatment tended
to increase the amount of these UV-B-absorbing
compounds in both species on a leaf area ba-
sis.

After long-term enhanced UV-B radiation treat-
ment, leaf thickness (Fig. 3) in S. superba and G.
straminea increased significantly (F = 31.012, d.f . =

Table 1
Effects of enhanced solar UV-B radiation on chlorophyll and carotenoid concentrations inS. superba and G. straminea

Parameters S. superba G. straminea

Ambient UV-B Enhanced UV-B Ambient UV-B Enhanced UV-B

Chlorophylls
Leaf area (�g cm−1) 27.90± 4.05 29.04± 3.63 26.74± 3.57 28.37± 3.16
(FW (mg g−1) 1.29 ± 0.10 1.25± 0.11 0.98± 0.09 1.19± 0.15

Carotenoids
Leaf area (�g cm−1) 7.46 ± 0.81 7.93± 0.60 8.85± 0.58 9.41± 0.53
FW (mg g−1) 0.35 ± 0.02 0.34± 0.03 0.33± 0.01∗ 0.39 ± 0.02∗

Values are means± S.D. (n = 4).
∗ Significantly different atP < 0.05.

1, 158;P < 0.001 in S. superba; and F = 32.280,
d.f . = 1, 158;P < 0.001 in G. straminea). Table 2
showed that in both species there was a decreased
tendency of leaf length after enhancement of UV-B
radiation, however, onlyS. superba appeared to have
a significant difference (F = 7.065, d.f . = 1, 78;
P = 0.011), inG. straminea there was no significant
difference (F = 2.669, d.f . = 1, 78; P = 0.106).
Enhanced UV-B treatment tended to increase leaf
width (F = 0.605, d.f . = 1, 78; P = 0.439 in S.
superba; F = 8.053, d.f . = 1, 78;P = 0.006 in G.
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Fig. 3. Effects of enhanced UV-B radiation on leaf thickness ofS. superba and G. straminea. Values are means± S.D. There were
extremely significant differences between ambient UV-B and enhanced UV-B treatments in both species (d.f . = 1, 158;P < 0.001). (∗∗∗)
Significantly different atP < 0.001 level with one-way ANOVA analysis.

Table 2
Effects of enhanced UV-B radiation on leaf length and width ofS. superba and G straminea.

Treatment S. superba G. straminea

Length (cm) Width (cm) Length (cm) Width (cm)

Ambient UV-B 6.92± 1.27∗ 2.36 ± 0.48 12.31± 1.66 2.16± 0.30
Enhanced UV-B 6.25± 0.97∗ 2.45 ± 0.53 11.70± 1.64 2.40± 0.44∗∗

Values are means± S.D. (n = 40).
∗ Significantly different atP < 0.05.
∗∗ Significantly different atP < 0.01.

straminea), but a significant difference only appeared
in G. straminea (P < 0.01).

4. Discussion

It has been reported that photosynthesis and pho-
tosynthetic productivity of some higher plants are
vulnerable to increased UV-B radiation due to strato-
spheric ozone (O3) depletion (Caldwell et al., 1989,
1995; Tevini and Teramura, 1989; Jordan, 1996). The
damage to photosynthetic apparatus may include many
aspects such as PSII reaction center, electron transfer,
stomatal conductance, loss of soluble Calvin cycle

enzymes and so on (Baker et al., 1997). However, data
from about three decades of studies and publications
indicated that only about one-third of plant species ap-
pears to shows deleterious effects on some growth re-
sponses by UV-B radiation levels above ambient, but
many species exhibit no such effects (Sullivan et al.,
1992; Tosserams and Rozema, 1995). This suggests
that some species are already well adapted to so-
lar UV-B radiation (Antonelli et al., 1998). In most
cases, the direct UV-B-induced inhibition of pho-
tosynthetic competence was observed only at high
UV-B irradiances, which were often conducted in
laboratories or greenhouses (Allen et al., 1998). In the
field conditions, even under extreme UV-B exposures,
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acclimatization (e.g. induction of UV-B absorbing
compounds) can protect the photosynthetic processes.
Then some species are sensitive to current ambient lev-
els of UV-B radiation, while others are apparently un-
affected by large UV-B enhancements (Figs. 1 and 2).

On the Qinghai-Tibet Plateau, although the native
plant species have already well adapted to long peri-
ods of alpine severe environmental conditions, there
are also different responses to enhancement of UV-B
radiation among species. In this study, no deleterious
effects of enhanced UV-B radiation on photosynthesis
on an area basis were detected in either alpine species
measured (Figs. 1 and 2). The different photosynthetic
responses in dicotyledon species, and grass and sedge
species to enhanced solar UV-B radiation were de-
tected in our trials. Dicotyledon species ofTrigonella
ruthenica had a significant difference (P < 0.01) with
21% decrease of photosynthetic O2 evolution rate af-
ter enhanced UV-B treatment, but enhanced UV-B
radiation did not influence the photosynthetic O2 evo-
lution rate in grass species ofE. nutans and sedge of
K. humilis (Shi, unpublished data). It appears that this
species-specific responses of photosynthesis may re-
sult from consequences of physiological and morpho-
logical alterations.

Enhanced UV-B radiation changes the morpholog-
ical characteristics of two species, particularly by in-
creasing the leaf thickness (Fig. 3). This phenomenon
was also reported in other studies (Chen and Bornman,
1990; Antonelli et al., 1998), but contrary to the re-
ports on other species (Correia et al., 1999). The in-
crease in leaf thickness could play an important role
in protecting deleterious effects of UV-B radiation,
and these were often accompanied by the increase in
UV-B absorbing compounds in the adaxial epidermis
of leaves (Antonelli et al., 1998). In this study, it is
clearly demonstrated that the thicker leaves ofS. su-
perba andG. straminea by enhanced UV-B treatment
may partly compensate for the photodestruction of
photosynthetic pigments when light passes through the
leaf, and therefore, photosynthesis is not reduced when
measured on leaf area basis (Figs. 1 and 2; Table 1).

Because of structural characteristics of leaflets and
its growing state near the ground, it is impossible to
measure the leaf thickness directly of other species
in the field, thus we are not able to make a general
conclusion about their changes in leaf thickness and
its relationship with photosynthesis. Of course, one

should not attribute all photosynthesis characters to the
variations in leaf thickness. The higher concentrations
of UV-B absorbing compounds were also contributed
to the adaptation of alpine plants. These characters,
maybe including DNA repair pathway and elimina-
tion capacity for active oxygen, may contribute to the
protection of photosynthesis of leaves exposed to high
levels of UV-B during sunny days.

In plants exposed to enhanced UV-B radiation
throughout their development, a reduction in photo-
synthetic productivity is usually associated with a re-
duced ability to intercept light (i.e. smaller leaf area),
and not due to an inhibition in photosynthetic compe-
tence (Allen et al., 1998). Many studies have reported
that enhanced levels of UV-B can alter the balance of
ecosystems both at the biochemical and whole plant
levels, the balance of competition between different
species may be altered during the course of their
development (Gold and Caldwell, 1983; Tevini and
Teramura, 1989). In this study, there were increases
in leaf thickness and leaf width in bothS. superba
and G. straminea after enhancement of UV-B radi-
ation (Table 2; Fig. 3). However, studies on other
species such asT. ruthenica andE. nutans had oppo-
site phenomenon (Shi, unpublished data). Different
photomorphological and structural responses among
species caused by long-term irradiation of UV-B may
directly influence the competitive balance for light
and nutrients. The changes of leaf thickness and leaf
width and leaf length inS. superba andG. straminea
imply a possible role for enhanced UV-B radiation,
although it still needs to determine its effects on plant
community and ecosystem levels. As emphasized by
many researchers continued attention should be paid
to accumulated effects of enhanced UV-B radiation at
ecosystem level (Johanson et al., 1995; Searles et al.,
2002).

More and more recent studies indicated that di-
rect UV-B induced inhibition of photosynthesis only
appeared at higher UV-B radiation levels (Keiller
and Holmes, 2001; Bassman et al., 2002). However,
even exposed to very high UV-B irradiation, photo-
synthetic process could be protected by acclimation
(e.g. induction of UV-B absorbing flavonoids). Al-
though our experiments did not show a significant
difference of UV-B absorbing compounds between
ambient and enhanced UV-B radiation, there was
a trend to increase the amount of UV-B-absorbing
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compounds in both species on a leaf area basis. Ex-
cept for protection of UV-B radiation induced injury,
UV-B absorbing compounds and other compounds of
secondary metabolism could restrain insects and other
herbivores (Zavala et al., 2001; Warren et al., 2002),
and also affect pathogen infection (Kiesecker et al.,
2001). Therefore, solar UV-B radiation is not just a
potential environmental stress for plants, but also af-
fects ecological processes. The influence of enhanced
UV-B radiation on food chains should be consid-
ered in natural ecosystem especially in evaluating its
impacts on different trophic levels.

Many studies have reported that the influence of en-
hanced solar UV-B radiation on natural ecosystems
may include many aspects (Johanson et al., 1995;
Caldwell et al., 1998; Rozema et al., 2002). Consid-
ering the global environmental changes, solar UV-B
radiation interacts with other environmental factors,
and thus it impacts on plants and ecosystem may be
subtler. So for the evaluation of the influence of solar
UV-B radiation on alpine ecosystem in Qinghai-Tibet
Plateau, there is still much work to be done.
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