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Photosynthetic Responses of Picea asperata Seedlings to
Climate Warming and Enhanced Ultraviolet-B Radiation

HAN Chao'? ,SHEN Haiyu’, LIU Qing'*
(1 Chengdu Institute of Biology, Chinese Academy of Sciences, Chengdu 610041, China; 2 Handan College, Handan, Hebei
056005, China)

Abstract; Using open-top Chambers(OTCs) and UV-lamps, we manipulated climate warming and enhanced
UV-B radiation. The parameters of photosynthetic gas exchange and chlorophyll fluorescence of Picea as-
perata seedlings in the eastern fringe of the Tibetan Plateau, where climate warming and enhanced UV-B
radiation(UV-B) were severe, were measured to investigate its photosynthetic responses to the two worse-
ning environmental factors. The results showed that; (1) Enhanced UV-B restrained the net photosynthetic rate
(P,) ,the maximum photosynthetic rate(P,,,) and the apparent quantum yield(®). However,it increased the pho-
tosynthetic light compensation point(LCP). In addition,enhanced UV-B induced photo-inhibition of the photosyn-
thetic system [[(PS [D) in P. asperata seedlings,and it reduced the effective quantum yield of PS [[(Ppsy). In the
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end,enhanced UV-B significantly inhibited shoot elongation, root growth and biomass accumulation. (2) OTCs
warming significantly enhanced P, and P, .but it had no effects on G,, T, and ®&. (3) UV-B effects on pho-

tosynthesis were amended by warming to some extent, which could be judging from the increased P, , P, »

intrinsic efficiency(F,/F,,) and ®psy of PS][ ,and the improved growth. In the end,warming could alleviate

the harmful effects of enhanced UV-B on photosynthesis of P. asperata.
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Stratospheric O; reduction has become one of the
pressing concerns about global climate changes, which
may result in increases in the level of ultraviolet-B
(UV-B) radiation reaching the Earth’s surface. It has
long been recognized that the increase in UV-B radia-
tion may deleteriously affect plant photosynthesis.
There are several direct consequences of UV-B radia-
tion for photosynthesis, which may include photosys-
tem [[(PS [ deactivation'"! , photo-destruction of elec-
tron transport carriers,and the inhibition of photosyn-
thetic enzymes™?.

Apart from enhanced UV-B, climate warming is
another important aspect of global changes which re-
sulting from increased greenhouse gases in air. It is
predicted that the increased greenhouse gases will
warm global air temperature by about 1.4~5.8 ‘C by
the middle of this century with high elevation being es-
pecially affected™. It is reported that elevated tempera-
ture is favorable to growth and photosynthesis in all
plants as long as their optimal temperature have not
been exceeded*'. Recently, passive open-top chambers
(OTCs) are widely used outdoors and tested effective
to simulate climate warming with relatively few influ-
ences on other climate factors-"*.

Under field conditions, plants are usually exposed
to several environmental changes simultaneously which
may influence them additively,synergistically or antag-
onistically"™ . Picea asperata is a dominant tree species
in the southwest of Qinghai-Tibetan Plateau of China
and widely used in reforestation program at present. In
this region, enhanced UV-B radiation and warming are
two prominent aspects of climate changes. Recent re-
ports have shown that ozone is attenuating in this re-
gion and a large area of extremely low ozone(190 DU)
occurred during December 14 ~17, 2003, Moreover,
it is inferred that responses of vegetation to enhanced

UV-B radiation can be modulated by other concomitant

changes in growth conditions® . Though increasing
studies have dealt with the combined effects of envi-
ronmental changes on plants, few efforts have focused
on warming and enhanced UV-B radiation. Moreover,
so far,most researches on the combined effects of tem-
perature and enhanced UV-B have carried out under
controlled conditions. In the present study,we investi-
gated the combined effects of warming and enhanced
UV-B radiation on photosynthesis of P. asperata seed-

lings under field conditions.

1 Materials and methods

1.1 Experimental design

The experiment was conducted in an open field
from April 19 to October 19,2006 in 301 forestry cen-
tre of Miyaluo, Sichuan Province,China(31°35" N,102°
35" E,3 000 m a. s. L.). The study site was located in
an open area with homogenous climate factors, espe-
cially wind and sunlight, which were closely related to
the warming effects of OTCs. The experiment consis-
ted of four treatments: (1) Ambient UV-B with no
warming(Control, CK) ; (2) Ambient UV-B with OTCs
warming( W) ; (3) Enhanced UV-B by 30% with no
warming (UV-B) ; (4) Enhanced UV-B by 30% with
OTCs warming (UV-B + W), 12 plot were estab-
lished,in which warming and UV-B were manipulated
with three replicates.
1.2 Enhanced UV-B and warming treatment

Followed by the International Tundra Experi-
ment, warming was manipulated by open-top chambers
(OTCs) constructed with pure Plexiglas boards(3 mm
thick) without addition of UV-absorbing compounds
(PLEXIGLAS®, Evonik-Degussa, made in Shanghai,
China, Essen, Germany) , which maintained near-natu-
ral transmittance of visible wavelengths (™92%) and
low transmittance of reradiated infrared wavelengths
(<<5%). The OTCs were hexagonal in shape with
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1. 27 m* (at the top) and 2. 10 m* (at the base) in area,
and 65 cm in height.

Supplemental UV-B was artificially provided by
UV-B fluorescent lamps (Beijing Electronic Resource
Institute, Beijing, China) with 40 c¢cm in length and 40
W in power rating. In enhanced-UV-B frames, lamps
were wrapped with 0. 10 mm cellulose diacetate film,
which transmitted both UV-B(290~315 nm) and UV-
A (315~ 400 nm). In ambient-UV-B frames, lamps
were wrapped with 0. 125 mm polyester film (Chen-
guang Research Institute of Chemical Industry,Cheng-
du, China), which transmitted only UV-A radiation
(315~400 nm). All plots also received natural solar
radiation. Films were replaced weekly. That was both
UV-B-control plots and enhanced-UV-B plots received
similar elevated-UV-A radiation. UV-lamps worked for
8 h daily centered on the solar noon. Constant distances
of 95 cm from the lamps to the apex of plants were
kept throughout the experiment to maintain the speci-
fied UV-B levels,and the lamps were replaced in time.
The UV-irradiance at the apex of the plant canopy un-
der the lamps was determined with an Optronics Model
742 (Optronics Laboratory Inc. , Orlando, FL) spectro-
radiometer and the spectral irradiance was weighted ac-
cording to the generalized plant action spectrum and
normalized at 300 nm to obtain effective radiation(UV-
Bg: ). The supplemental UV-B radiation was 3. 71 kJ *
m ? + d '(UV-Bg) and the ambient UV-B radiation
was 12.64 k] em 2 « d ' (UV-Bye).

1.3 Materials

Indigenous soil of each plot until the depth of 35
cm was replaced by the topsoil from a local spruce-for-
est which was sieved and mixed well. In a preliminary
experiment, the soil depth did not affect seedling root
growth during a 2-year growth period. Two-year-old
P. asperata seedlings from a local nursery with uni-
form plants height, basal diameter and fresh weight
were transplanted into each plot with a single line un-
der each lamp. The plant height, basal diameter and
whole-plant fresh weight at the beginning of the exper-
iment were(6. 31£0.42) cm, (1. 72+£0. 21) mm and
(1.69+0. 18) g, respectively. Seedlings were planted
in the center of each plot, and perpendicularly below

the UV-lamps with 35 cm between lines and 15 cm be-

tween seedlings. The seedlings were watered as nee-
ded.
1.4 Temperature and soil moisture measurement

To estimate warming effects of OTCs,air(10 cm
above soil surface) and soil temperatures(5 cm depth) ,
and air relative humidities were measured between
OTCs and Control plots. Temperatures were continu-
ously measured at two hours intervals from April 19 to
October 19,2006 using sensors connected to data-log-
ger(Campbell AR5, Avalon, USA). Soil moisture in 20
cm was measured in soil core samples collected twice
each month at all plots. The soil was dried at 105 °C
for 12 h to determine soil moisture.
1.5 Parameter analysis
1.5.1

2

ment,the net photosynthetic rate (P,, ymol « m™*

Gas exchange After three months of treat-
s ') of the current-year, fully expanded needles in all
the treatments were measured under controlled optimal
conditions using a portable photosynthesis system (Li-
6400, Lincoln, NE,USA) in the open circuit mode. The
photon flux density(PFD) was maintained at ca. (1 000
450) ymol » m™* « s ! using the 6 400 artificial light
source,and temperature was maintained at(25=+1.5)
°C with an RH of 36 % ~55% inside the leaf chamber
during measurement. The CO, concentration was main-
tained at(360+10) pmol « mol '. Measurements were
made between 9:00 and 10:30. Needles were arranged
in the cuvette such that self-shading was minimized and
all needles were paralled to the plane of the leaf cham-
ber. The projected area of the measured needles was
estimated using measurements of needle length and
width.
1.5.2

were made in the same sampling method as described

P,-PAR response curve All measurements
above. The block temperature was held at 20 °C and
the relative humidity at 40%. The response to PAR
were measured at 0,20,50,80,100,200,400,600,800,
1 000,1 200,1 500,1 800,and 2 000 pmol *+ m 7.
s '. The light-response curve of photosynthesis was
fitted with a non-rectangular hyperbola™® . Where P, is
the net photosynthetic rate,@® is the initial slope of the
curve, I is the PPFD, P, is the light-saturated rate of
photosynthesis, @ is the convexity and R, is the dark

respiration rate. First,from linear regression of the net
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photosynthetic rate on PPFD at 0~200 pmol * m * -
s ',® and LCP were obtained as the slope, y-intercept
and the x-intercept of these regressions., respectively.
Then, a non-rectangular hyperbolawas fitted to the
whole curve using the @ and R, values to obtain P,
and 9,

1.5.3 Chlorophyll fluorescence Chlorophyll fluores-
cence measurements were taken on the same leaves
with gas exchange measure using a modulated fluorom-
eter (PAM-2100, Walz, Effeltrich, Germany), as de-
scribed by Brugnoli and Bjérkman''*'. The leaves were
pre-darkened at least for 30 min before measuring. The
intensity of the saturation pulse to determine the maxi-
mal fluorescence emission in the presence(F,') and in
the absence(F,,) of quenching on the upper surface of
the leal was 8 000 pmol » m™* « s '. The “actinic

2

light” was 600 ymol « m * « s '. The fluorescence pa-
rameters were determined according to Rosenqvist and
van Kooten'.
1.5.4 Growth parameter measurement At the end of
the experiment, the plant height and basal diameter
were measured and the seedlings were harvested.
Then, the seedlings were divided into needle, root and
stem. All the organs were dried at 80 ‘C for 1 week
and weighed.
1.6 Statistical analysis

All data were analyzed using a two-way analysis
of variance(ANOVA ) to test the UV-B, warming and
UV-BX warming interaction effects. P,-PAR response
curves were fitted using linear regression and non-line-
ar regression. All statistical analyses were performed u-
sing the Software Statistical Package for the Social Sci-
ence(SPSS) version 11. 5 for windows statistical soft-

ware package(SPSS Inc. ,Chicago,Illinois).

2 Results and analysis

2.1 Effects of enhanced UV-B and warming on
temperature and humidity in air and soil

OTCs significantly increased the air and soil tem-
peratures on average 1. 74 “C and 0. 92 °C ,respectively
(Table 1). Air relative humidity was decreased by 3.
12% and 3. 99% in W and UV-B+W treatments com-
pared with their respective controls. Soil moisture was
also lower on average 2. 01% and 2. 53% in W and
UV-B+ W treatments than their respective controls.
However, there were no significant differences between
treatments in air relative humidity and soil moisture.
Enhanced UV-B also did not significantly affect soil
moisture during the study period.
2. 2 Effects of enhanced UV-B and warming on
growth

Supplemental UV-B markedly inhibited shoot e-
longation and biomass accumulation,and reduced root/
shoot ratio of P. asperata seedlings despite of tempera-
ture levels ( Table 2). OTCs warming significantly
stimulated shoot growth in spite of UV-B levels. More-
over, it improved shoot elongation, root growth and to-
tal biomass accumulation under enhanced UV-B. Sig-
nificant UV-B X warming interaction was detected on
total biomass. OTCs warming markedly improved bio-
mass accumulation under enhanced UV-B, however, the
effect was not significant under ambient UV-B,
2.3 Effects of enhanced UV-B and warming on gas
exchange parameters and properties from photosyn-
thetic light response curves

Enhanced UV-B caused decreases in the net
photosynthetic rate (P,) , the stomata conductance

to vapor(G,) and the transpiration rate (T,), but

Table 1 The effects of OTCs on daily mean temperature, air relative humidity,

and soil moisture from April 19 to October 19,2006

Environmental Treatment
parameter CK UV-B w UV-B+W
Air temperature/C 16.65+0. 33b 16.73£0.27b 18.337+0.43a 18.52+0.13a
Soil temperature/°C 15.31+0.19b 15.23+0.17b 16.25+0.17a 16.13+0.13a
Airrelative humidity/ % 73.22+1.61a 72.9540. 68a 70.06=42. 40a 68.96+2. 44a
Soil moisture/ % 20.03+1. 68a 19.724+0. 70a 18.02+1.48a 17.19+1. 21a

Note: Values were the mean= SE of 3 replicates for temperature and air relative humidity,and 6 replicates for soil moisture. The different

normal letters in the same column indicates significant difference between two treatments at 0. 05; The same as below.
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increased the intercellular CO, concentration(C,) in
P. asperata seedlings irrespective of temperature
levels(Fig. 1). Furthermore, the maximum photo-
synthetic rate ( P, ), the apparent quantum yield
(®), and the dark respiration rate (R;) were re-
duced, but the photosynthetic light compensation
point(LCP) was heightened by supplemental UV-
B in seedlings either under ambient temperature or
under OTCs warming(Fig. 2). OTCs warming sig-
nificantly increased P, and P,,, in spite of UV-B

levels. Under warming, seedlings exposed to en-
hanced UV-B radiation exhibited higher P,, P,..
and @, but lower LCP than those under no war-
ming. UV-BX warming interactive effects were sig-
nificant in C,, LCP and &.
2.4 Effects of enhanced UV-B and warming on pa-
rameters of chlorophyll fluorescence

The markedly increased minimal fluorescence(F,)
and non-photochemical quenching coefficient ( NPQ)

were induced by supplemental UV-B radiation in spite

Table 2 The effects of enhanced UV-B and warming on growth of P. asperata

Growth Treatment
parameters CK UV-B w UV-B+W
Height/cm 9.4940. 35b 7.4640.35d 12.1340. 40a 8.48740. 36¢
Root weight/g 0.35%+0.03a 0.1940.03c 0.37240.03a 0.2740.02b
Total biomass/g 1.04=+0. 04a 0.71+0. 04c 1.0740. 04a 0.91-+0.04b
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Fig. 2 The maximum net photosynthetic rate(P,,,) ,the apparent quantum yield(®) ,

the dark respiration rate(Ry) ,and the photosynthetic light compensation point(LCP) of

P. asperata seedlings affected by enhanced UV-B and OTCs warming
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Table 3 The effects of enhanced UV-B and warming

on chlorophyll fluorescence of P. asperata

Chlorophyll Treatment

fluorescence CK UV-B W UV-B+W
Fo 0.2440.00b 0.26%0.00a 0.2240.0lc 0.24=0.01 b
Fo/Fm  0.840.0la 0.67+0.03¢c 0.81-0.01ab 0.76+0.03 b
NPQ 0.34%+0.01c 0.65£0.0la 0.3640.0lc 0.47+0.02 b
Drs | 0.5540.02a 0.2840.02d 0.4440.02 b 0.35+0.01 ¢

of temperature levels (Table 3). Furthermore, supple-
mental UV-B also reduced the effective quantum yield
of PS Il (Ppsy) across temperature treatments. En-
hanced UV-B decreased the intrinsic efficiency of PS [[
(F,/F,) in seedlings exposed to ambient temperature,
but this effect was insignificant in those under war-
ming. There were no significant differences in F,/F,,
and @ps between temperature treatments. The interac-
tive effects of UV-B X warming were detected in

F,/F, s NPQ and ®ps .
3 Discussion

Employing OTCs in global warming studies was
evaluated and validated by Hollister and Webber ",
The open-top design of OTCs also allows free air ex-
change and minimizes most undesirable ecological
effects, including lower light levels, temperature ex-
tremes, unnatural precipitation, CO, concentrations, un-
natural gas concentrations and humidity problems''*.
OTCs were tested to elevate mean air temperature(13
cm height) by on average 0. 6 ~2. 2 C during the
growth season™™. Jones et al. reported OTCs warmed
soil(3 em depth) temperature by 1. 8 “CH* . In present
investigation, OTCs warmed mean air and soil temper-
atures by 1. 74 °C and 0. 92 °C, respectively, through-
out the growing season. Our results showed that OTCs
did not significantly affect soil moisture and air relative
humidity.and the same conclusion was also drawn by
other research!™,

Photosynthesis is of primary importance for bio-
mass production. Accordingly, it is likely that UV-B-
induced disturbances in photosynthetic reactions can
cause reduction in biomass and yield'®. Our study re-
vealed that supplemental UV-B reduced the photosyn-
thetic capacity of P. asperata seedlings,which could be

seen from the decreased net photosynthetic rate(P, ),
maximum photosynthetic rate ( P, ). and apparent
quantum yield (&). Moreover, the negative effects of
enhanced UV-B on photosynthetic processes have also
been demonstrated by other research'*. On the other
hand,an increase in the intercellular CO, concentration
(C) ,and reductions in the transpiration(T,) and the
stomatal conductance to vapor (G,) were detected in
seedlings under enhanced UV-B in the present investi-
gation. The reduced G,, and hence decreased E, were
probably a function of increased C; resulting from the
inhibited capacity for CO, fixation®. C, can be used to
discriminate between changes in P, resulting from
stomatal limitation or non-stomatal limitations’®"". Our
result further confirmed that the drop in P, due to sup-
plemental UV-B was more closely related to non-sto-
mata than to stomata limitations. It was reported that
enhanced temperature in the short term could stimulate
photosynthesis until the optimum temperature was
reached™’ . In this study, OTCs warming also advanced
the photosynthetic rate. Moreover, it offset the harmful
effects of enhanced UV-B on photosynthesis judging
from the increased P, . P,.,. and @ compared with under
single UV-B stress,as might be one of the reasons for
its ease effects on the growth of P. asperata seedlings
under UV-B stress.

The chlorophyll fluorescence signatures provide
basic information on the function of photosynthetic ap-
paratus,and on the capacity and performance of photo-
synthesis. In chloroplast study, photosynthetic system
[I(PS [I) is extremely vulnerable to UV-B radiation
with pigments, cofactors and proteins being modi-
fied"**!, Moreover, photo-inhibition due to UV-B radia-
tion may also additionally decrease the net photosyn-
thesis™’. The intrinsic or maximum efficiency of PS [[
(F,/F,) and the minimal fluorescence(F,) are accept-
ed and widely used as reliable diagnostic indicators of
photo-inhibition"*’. Decreased F,/F,, and increased F,
are used for indicating the occurrence of photo-inhibi-
tion damage in response to stress,and our result was
consistent with them. Furthermore,reduction in F,/F,,
may associate with direct damage by enhanced UV-B to
PS [I"**) or alteration of the xanthophylls cycle™®. The

change in the non-photochemical quenching ( NPQ)
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measures a change in the efficiency of heat dissipation
and in the present investigation,reduced NPQ was de-
tected under enhanced UV-B. The effective quantum
yield of PS [[ (@Pps; ) measures the proportion of the
light absorbed by chlorophyll associated with PS ]| that
is used in photochemistry. As such,it can give a meas-
ure of the rate of linear electron transport and so an in-
dication of overall photosynthesis, Enhanced UV-B in
our study caused a reduction in @py » which revealed
that enhanced UV-B decreased the photochemical effi-
ciency of PS [. From our result, UV-B-induced inhibi-
ted photosynthetic capacity was accompanied by photo-
inhibition and the decrease in the photochemical effi-
ciency of PS[I. It was reported that enhanced UV-Bin-
hibited photosynthetic capacity without any damage to
PS [[”*®'. Shawna et al. , however, reported that in-
creased UV-B radiation caused a significant decrease in
the photochemical efficiency of PS [["**). For many

years PS [ is considered as the most temperature-sen-
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sitive step in photosynthesis, but it appears from nu-
merous reports that PS ][ inhibition does not occur un-
til leaf temperature are quite high,usually 40 °C and a-
bove"®, In our study, OTCs warming had no signifi-
cant effects on PS [[, but it lowered the risk of photo-
inhibition and heightened the photochemical efficiency
of PS ]| in seedlings under enhanced UV-B, which
might explain its easing effects on UV-B-induced in-
hibited photosynthetic ability.

In conclusion,enhanced UV-B reduced the capaci-
ty of photosynthesis in P. asperata seedlings in one
growing season. UV-Brinduced photo-inhibition of
PS I and the decreased ®ps; may explain the reduced
photosynthesis to some content, On the other hand,
OTCs warming favored the photosynthesis of seedlings
under ambient UV-B,and it also reduced the photosyn-
thetic sensitivity of P. asperata seedlings to UV-B

stress.
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