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Previous studies on diurnal photosynthesis of macroalgal species have shown that at similar levels of photosynthetically

active radiation (PAR, 400–700 nm) the photosynthetic rate is lower in the afternoon than in the morning. However, the

impacts of solar ultraviolet radiation (UVR, 280–400 nm) have been little considered. We investigated the diurnal

photosynthetic behaviour of the economically significant red alga Gracilaria lemaneiformis in the absence or presence of UV-

AþB or UV-B with a flow-through system. While UV-A and UV-B, respectively, inhibited noontime Pmax by 22% and 14%

on the sunny days, UV-A during sunrise (PAR below about 50Wm�2) increased the net photosynthesis by about 8% when

compared with PAR alone. UV-A þ PAR also resulted in higher apparent photosynthetic efficiency in the morning than in

the afternoon period than PAR alone. Nevertheless, integrated daytime photosynthetic production under solar PAR alone

was higher than with either PAR þ UV-AþB or PAR þ UV-A. Relative growth rate in the long term (9 days) matched

the integrated photosynthetic production in that UV-A led to 9–15% and UV-B to 19–22% reduction, respectively.

UV-absorbing compounds were found to be higher in the thalli exposed to PARþUV-AþB than under PAR alone,

reflecting a protective response to UVR.
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Introduction

Macroalgae, living mainly in the intertidal and
subtidal zones, remediate CO2 and nutrients in
coastal waters and provide shelter for animals in
addition to direct or indirect food supplies for
humans. They experience dramatic changes in
temperature and solar radiation associated with
diurnal changes of weather and superimposed tidal
rhythms (Davison & Pearson, 1996). Solar ultra-
violet radiation (UVR, 280–400 nm) is a permanen-
tly existing environmental factor that macroalgae
are usually exposed to. UV-exposure may cause
direct damage to key components, such as the D1
protein of PS II (Vass, 1997), photosynthetic
pigments (Aguilera et al., 1999a), key enzymes
(Bischof et al., 2002) and even DNA (Buma et al.,
2001). Therefore, understanding the physiological
and ecological responses of macroalgae to solar
UVR is of potential importance in explaining their
in situ physiological behaviour and predicting the

ecological consequences in coastal ecosystems as a
result of increased UV-B (280–315 nm) irradiance
due to global stratospheric ozone depletion
(Kerr & McElroy, 1993; den Outer et al., 2005).
Species of macroalgae are distributed to different

depths in the intertidal zone and exposed to

different levels of photosynthetically active radia-

tion (PAR, 400–700 nm) and UVR because of the
attenuation effects of seawater. Their vertical

distribution is closely related to their sensitivity

to UV-B (Hanelt et al., 1997; Bischof et al., 1998)

and their recovery capacity after being damaged by

UVR (Gómez & Figueroa, 1998). UV-B radiation

impairs growth (Grobe & Murphy, 1994; Pang

et al., 2001; Michler et al., 2002), photosynthesis
(Cordi et al., 1997; Aguilera et al., 1999b; Han

et al., 2003), early development (Huovinen et al.,

2000; Henry & Van Alstyne, 2004) and spore

germination (Wiencke et al., 2000; Han et al., 2004)

of macroalgae. It can even affect macroalgal

community structure (Bischof et al., 2006).
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showed different abilities to endure UVR, with
increased tolerance as individuals differentiate and
develop repair and defence capacity (Dring et al.,
1996; Henry & Van Alstyne, 2004).
Macroalgae can protect themselves from being

harmed by UVR, or diminish the damage, by
avoidance, repair and screening mechanisms
(Karentz, 1994; Franklin & Forster, 1997;
Karentz, 2001). UV-screening compounds, such
as mycosporine-like amino acids (Karentz et al.,
1991; Dunlap & Shick, 1998), scytonemin (Garcia-
Pichel & Castenholz, 1991; Dillon et al., 2002) and
phlorotannins (Pavia et al., 1997; Pavia & Brock,
2000) have been found in many photosynthetic
organisms. Cellular content of these compounds
increase with increased UV exposure (Pavia et al.,
1997; Brenowitz & Castenholz, 1997; Han & Han,
2005) thereby reducing UV-related photoinhibition
and damage.
Despite a number of studies demonstrating the

deleterious effects of UV-B on macroalgae,
researches also show that solar UV-B radiation
could play a role in the recovery process of
inhibited photosynthesis in a brown alga,
Dictyota dichotoma (Flores-Moya et al., 1999),
and some freshwater plants (Hanelt et al., 2006),
and that UV-A (315–400 nm) radiation could aid
in DNA repair (Pakker et al., 2000a,b) and
enhance growth (Henry & Van Alstyne, 2004) in
macroalgae. Dring et al. (2001) reported higher
maximum quantum yields in several subtidal red
algae during recovery after exposure to solar UV-A
or UV-A þ UV-B in the absence of PAR as
compared with the exposures to PAR alone or
PAR þ UVR, suggesting that UVR was less
damaging to photosynthesis than high PAR of
natural sunlight. On the other hand, in contrast to
the impacts of UVR in short-term experiments,
hardly any lasting difference was found in growth
between samples exposed to solar radiation with or
without UV-B in long-term experiments on Ulva
rigida (Altamirano et al., 2000) and Fucus serratus
(Michler et al., 2002). Nevertheless, UVR was
found to affect the growth in long-term and field
experiments on Laminaria spp (Michler et al.,
2002; Roleda et al., 2006). Despite a number of
studies on the negative and positive effects of
UVR, little has been documented on the diurnal
photosynthetic performance associated with fluc-
tuating solar UVR and PAR. Information about
diurnal physiological behaviour under the full
spectrum of solar radiation is essential for us to
understand the daytime UVR impacts associated
with changing solar radiation and to explain the
difference in macroalgal responses to UVR
between short and long-term experiments.
The aim of the present study was to elucidate the

impacts of solar UV-B, UV-A and PAR on the

diurnal photosynthetic performance and growth of
the economically important red alga, Gracilaria
lemaneiformis Bory, which is commercially culti-
vated in surface water for food and agar around
the coast of China.

Materials and methods

Plant materials

Gracilaria lemaneiformis, is naturally distributed in the
sublittoral zone in northern part of China, and has been
farmed for years in coastal surface water from
November to May in southern China. Plants were
collected from their cultivation area where they were
grown at a depth of 0.5–1m at Nanao (116.6�E,
23.3�N), Shantou, China, in March, April and May,
2004, or from a farmed population in the coastal water
near Qingdao (120�E, 36�N) in September, 2006.
Seawater temperature ranged from 16 to 28�C during
the periods of March, April and May, 2004, and was
controlled at 22� 0.5�C for the experiments during
September, 2006. The nitrate and phosphate concentra-
tions ranged from 41–43 mM and 0.56–0.62 mM respec-
tively during this season. The maximal incident
irradiances received by the thalli in the farmed area
were about 1.2Wm�2 for UV-B, 40Wm�2 for UV-A
and 400Wm�2 for PAR. Young plants (about 20 cm
long) were selected and maintained in sand-filtered
flowing seawater for a night before their diurnal
photosynthesis was measured next day. For experiments
in the September, the plants were transported (in a
cooler) from Qingdao and cultured indoors at 15Wm�2

PAR and 22�C for 7 days, and then exposed to solar
radiation at the same temperature (to simulate that in
April) for another 7 days prior to measuring of diurnal
photosynthesis.

Solar radiation measurements and treatments

Incident solar irradiance was continuously monitored
using an ELDONET filter radiometer (Real Time
Computer, Möhrendorf, Germany), which has three
channels for photosynthetically active radiation (PAR,
400–700 nm), UV-A (UV-A, 315–400 nm) and UV-B
radiation (UV-B, 280–315 nm). The reliability of this
instrument has been internationally recognised (Häder
et al., 1999; Korbee-Peinado et al., 2004), and certifi-
cated with a correspondence error less than 0.5% in
comparison with the most accurate instrument (certifi-
cate No. 2006/BB14/1). The device was installed on the
roof of the Nan’ao Marine Biological Station of
Shantou University where the experiments were carried
out. Three different radiation treatments were imple-
mented as follows: thalli receiving full solar radiation
(PAB treatment) in uncovered quartz tubes; thalli
receiving UV-A and PAR (PA treatment) in quartz
tubes covered with Folex 320 (Montagefolie, Nr
10155099, Folex, Dreieich, Germany); and thalli receiv-
ing only PAR (P treatment) in quartz tubes covered with
Ultraphan film 395 (UV Opak, Digefra, Munich,
Germany). The transmission spectra of the cut-off filters
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with negligible reflection have been published elsewhere
(Korbee-Peinado et al., 2004). The uncovered quartz
tubes received 4% higher PAR radiation (measured by
inserting a PAR sensor inside the quartz container)
compared with the covered tubes with the 395 or 320
filters due to the reflection (in water) caused by these
filters.

Diurnal photosynthesis measurement

A flow-through system for measuring photosynthesis in
running water was set up according to Gao & Umezaki
(1989) (Fig. 1). Quartz tubes (4 cm inner diameter and
35 cm long, 0.44 l) were used as assimilation chambers to
allow the full spectrum of solar radiation to reach the
thalli inside. The flow rate of seawater was controlled at
0.2 lmin�1 by a flow meter. Although current speed may
affect photosynthetic O2 evolution (Wheeler, 1980; Gao
et al., 1992), this flow rate resulted in the best resolution
and avoided the bottle effects incurred with still sealed
seawater. It took about 5min for the O2 concentration
in the outlet seawater to reach a constant level when the
thalli photosynthesized under constant levels of PAR or
sunlight. Oxygen concentrations in the inlet and outlet
seawater were monitored simultaneously and continu-
ously with a Clark-type oxygen electrode probe (YSI
model 5300, Yellow Spring, OH, USA), which was
calibrated every day at the early morning and at midday,
when the seawater temperature changed by about 1�C.
Between six and 10 branches from different individuals
were placed in the quartz tube by fixing them on
stainless steel wires with the biomass density (fresh
weight [FW] of about 270 gm�2, which did not result in
self-shading [biomass density was 100–5,000 gm�2 in the
farmed areas]. The rate of photosynthetic O2 evolution
[P, mmol O2 g

�1 h�1] was determined as follows:
P¼ (A–B)�F�60�W�1, where A and B represent dis-
solved O2 concentrations (mmolO2 l

�1) in the outlet and
inlet seawater, respectively; F, the flow rate (L min�1) of
seawater; W, fresh weight (g) of the samples used.
Parameters for photosynthesis–light (P–E) curves were
analysed according to Jassby & Platt (1976):
P¼Pmax

�tanh(��E/Pmax)þRd, where P represents
photosynthetic rate; E, irradiance, Pmax, the light-
saturated photosynthetic rate; �, initial slope at limiting
irradiances and, Rd, the dark respiration rate.

Since the uncovered quartz containers received 4%
higher PAR than those covered with the cut-off filters
either under low or high levels of solar radiation and this
higher portion of PAR might affect the comparison of
irradiance-limiting photosynthetic rate with or without
UVR, PAR values were calibrated by multiplying 0.96
for the P-E curves obtained without UVR. In order to
estimate the daily net photosynthetic production, day-
time net photosynthesis expressed (mmol O2) was
converted to dry matter using the ratio of 1 g O2 to
0.84 g dry matter (Ikusima, 1965).

To estimate the diurnal photosynthetic performance
on a cloudy day in April, we simulated the weather
conditions for April 24, 2004 on September 29, 2006
(unexpected high photosynthetic rates were obtained in
the presence of UV-A) by reducing the diurnal solar

radiation with black plastic neutral screens and control-
ling the temperature at 22� 0.5�C using a cooling unit
(CAP-3000, Rikakikai, Tokyo, Japan).

Measurements of growth

Thalli of about 2 g FW were maintained in the flow-
through seawater in each of the quartz tubes with a
biomass density of about 100 gm�2 FW (without self-
shading) at the same flow rate (0.2 lmin�1) as mentioned
above for photosynthesis measurements. The growth
experiments were run separately from the photosyn-
thetic experiments (with different samples) for 9 days:
April 9–17 and May 13–20, 2004. FW of the thalli was
measured every 2 days after blotting with tissue paper,
and relative growth rate (RGR,% day�1) was estimated
as follows: RGR¼ 100�(lnNt–lnN0)/t, where N0 is the
initial FW and Nt that after t number of days.

Determination of photosynthetic pigments
and UV-absorbing compounds

The samples for pigment analyses were stored at –20�C.
About 200mg (FW) thalli were extracted in 10ml
absolute methanol for 24 h at 4�C in darkness, which
resulted in complete extraction. After centrifugation at
5,000 g for 10min this extract was used to determine the
amounts of UV-absorbing compounds (UVAC) and
photosynthetic pigments using a scanning spectrophot-
ometer (UV 530, Beckman Coulter, Fullerton, CA,
USA). The UVAC content was estimated by determin-
ing the ratio of UVAC to chlorophyll a (Chl a)
according to Dunlap et al. (1995) and converting the
ratio to content per FW. Chl a concentration was
estimated according to Wellburn (1994).

Data treatment and statistic analysis

Diurnal photosynthetic rates were related to solar
irradiance to generate photosynthesis versus light
curves, and were integrated to estimate daily net
production. UVR, UV-A or UV-B-induced inhibition
was obtained as follows: (PPAR–PPAB)/PPAR

�100%,
(PPAR–PPA)/PPAR

�100% or (PPA–PPAB)/PPAR
�100%,

where PPAB, PPA and PPAR represent the net

PAR+UV−A

PAR

Seawater

PAR+UV−A+UV−B

Quartz tube

Flowmeter
Oxygen monitor

Fig. 1. Outline of the flow-through system used for

measuring the diurnal photosynthesis of Gracilaria

lemaneiformis. Quartz tubes were used as the assimilation

chamber. Thalli in the tubes were exposed to different solar

radiation treatments by using UV-cutting off filters.
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photosynthetic rates under the treatments of PAR þ

UV-AþB, PAR þ UV-A or PAR alone, respectively.

ANOVA and t-test were used to establish differences

among the different treatments. A confidence level of
95% was used in all analyses.

Results

Diurnal photosynthetic performance of Gracilaria
lemaneiformis in March, April (1-day simulated in
September and May showed that daytime photo-
synthesis almost followed the pattern of sunlight
regardless of the solar radiation treatment, increas-
ing and becoming saturated with increased solar
irradiance in the morning, and declining with

decreasing solar radiation in the afternoon
(Fig. 2). On April 20, which was cloudless, net
photosynthetic rate decreased continuously from
morning to afternoon, showing clear photoinhibi-
tion during the diurnal course. Photosynthetic O2

evolution was inhibited in thalli receiving the full
spectrum of sunlight (PAB treatment) or PAR þ
UV-A (PA treatment) compared with samples
treated with PAR (P) alone from 8:00 am to
4:00 pm for all days in March, April or May
(Fig. 3). The inhibition induced by UVR on the
sunny days was higher than on the cloudy days
(Fig. 3). UV-A and UV-B inhibited noontime Pmax

by 22% and 14% on the sunny days and by 19%
and 2% on the cloudy days. During the sunrise
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Fig. 2. Diurnal photosynthetic O2 evolution of Gracilaria lemaneiformis thalli exposed to PAR alone (P), PARþUV-A (PA)

and PARþUVR (PAB) associated with solar radiations (PAR, UV-A and UV-B) on March 16 (A), March 21 (B), April 20

(C), May 23 (E) and May 28 (F), 2004, and on September 29, 2006 (D, under controlled temperature at 21.5–22.5�C and

reduced solar radiation) to simulate the cloudy day, April 24, 2004. The temperature of the flowing-through seawater ranged

16–18�C on March 16, 17–19�C on March 21, 21–23�C on April 20, 26–28�C on May 23, 26–28�C on May 28.
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periods (PAR below about 50Wm�2), the ratio of
net photosynthetic rate under UV-A þ PAR to
that under PAR alone significantly (p50.05)
increased by up to 36% (mean percent 8%),
indicating that low UV-A levels, during the early
morning, enhanced the net photosynthetic rate.
However, such a UV-A-related significant
enhancement was not found in the late afternoon.
When the net photosynthetic rates (Fig. 2) were

plotted against solar PAR irradiances, the relation-
ship of net photosynthesis and solar irradiance
(P–E curves) was obtained for the thalli under
different radiation treatments (Fig. 4). In the
morning the apparent photosynthetic efficiency
(�) was 1.90� 0.35, 2.38� 0.31 and 2.04� 0.20
under PAR, PAR þ UV-A and PAR þ UV-AþB,
respectively (Table 1). The presence of
UV-A significantly enhanced the efficiency
by 25% (p50.05). However, both UV-A and
UV-B reduced efficiency in the afternoon
(p50.05). When morning and afternoon were
compared, it appeared that � was higher
(p50.05) in the morning than in the afternoon
under solar radiation with UV-A (PA) or UVR
(PAB) (Table 1). In the absence of UVR, no
significant (p40.1) difference was found in �
between the morning and afternoon. The presence
of UVR did not result in significant difference in
the light-saturating point (Ik), no difference
between morning and afternoon. Pmax showed a
significant increase (p50.05) when UVR was
screened off, but did not demonstrate any

significant (p40.1) difference between the morning
and afternoon (Table 1).
When UVR-induced inhibition was plotted as a

function of UV irradiance for all the diurnal
photosynthetic measurements, it appeared that
inhibition increased with increasing UVR
(Fig. 5). The highest inhibition was found in
May, while the lowest was in April. A significant
(p50.05) difference was found in the inhibition
between May and April at the highest UV
radiation levels of about 55Wm�2.
Integration of daytime net photosynthesis pro-

vides the daytime photosynthetic production under
different radiation treatments (Fig. 6). The daily
net production was highest under PAR alone when
UVR was screened off. The lowest daily net
production was found in thalli receiving the full
spectrum of sunlight. Nevertheless, the daily net
production increased with increased PAR dose per
day regardless of the treatments.
When the FW of the thalli receiving different

solar radiations was monitored in April (Fig. 7A)
or May (Fig. 7B), it increased faster without UV-B.
Over a period of 9 days biomass increased by
about 53% (PAB), 58% (PA) and 82% (P) in
April, and by about 100% (PAB), 174% (PA) and
175% (P) in May, indicating that screening off
UVR enhanced the growth. Relative growth rate
(RGR) derived from the changes in fresh biomass,
was significantly (p50.01) higher in the thalli
receiving PAR alone (P) than those exposed to
UV-A þ PAR (PA) or UVR þ PAR (PAB)
(Fig. 7C) in April. However, no significant (p40.1)
difference was found between PA and PAB
treatments in this month. In May RGR increased
significantly (p50.001) when UV-B was filtered
out (P, PA) but showed insignificant (p40.5)
change when UV-A was also removed (PA)
compared to P treatment, indicating the negative
impact of UV-B alone. Comparison of the RGR
values between April and May demonstrates that
RGR was higher (p50.01) in May than in April
under any of the solar radiation exposures
irrespective of the presence of UV-B or UVR.
The RGR values derived from daytime net
photosynthesis and night dark respiration were
about 9% (PAB), 12% (PA) and 14% (P) per day,
while that based on measured biomass change was
abut 7% (PAB), 9% (PA) and 10% (P) (Table 2).
Although photosynthesis-based RGR values
(RGR-Pd) were higher, they matched the mea-
sured RGR (RGR-Bm, relative growth rate
determined by biomass increase) in the order of
P 4 PA 4 PAB, with a 19–22% reduction with
UV-B and 9–15% with UV-A.
Absorption spectra of the methanol extracts

from the thalli showed high amounts of
UV-absorbing compounds (UVAC) at 325 nm
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(Fig. 8A,B). UVAC content by FW was higher
under full spectrum of solar irradiance than with
PAR alone in April (p50.05) (Fig. 8A–C). Chl a
content decreased significantly (p50.01) in thalli
exposed to the full spectrum of solar radiation
(PAB), however, it changed little (p40.1) when P
and PA treatments were compared (Fig. 8D). The
UVAC/Chl a ratio was higher (p50.05) under
PAB than P treatment in April and May cultures
(Fig. 8E). Exposure to UV-A þ PAR (PA) did not
lead (p40.1) to any increase in UVAC/Chl a ratio
compared with PAR alone (P) (Fig. 8E).

Discussion

In this study we found that UVR induced
photosynthetic inhibition at high levels of solar
radiation around noontime, but the presence of
UV-A enhanced the apparent photosynthetic
efficiency by up to 25% and resulted in higher
photosynthetic rates during the sunrise period
compared to PAR alone. While the presence of
UV-A had negligible effect on the growth of the
alga, filtering UV-B enhanced in long-term (9 days)
exposures. The enhancement caused by UV-A in

(b)

(d)

0 100 200 300 400 500
−50

0

50

100

150
(e)

−50

0

50

100

150

N
et

 p
ho

to
sy

nt
he

tic
 r

at
e 

(µ
m

ol
 O

2 
g 

(F
.W

.)
−1

h−1
)

(c)

0 100 200 300 400 500

Irradiance (Wm−2)

(f)

−50

0

50

100

150
P

AM PM

PA
(a)

PAB

Fig. 4. Net photosynthetic rate of Gracilaria lemaneiformis as a function of irradiance in the morning (black symbols) and

afternoon (white symbols) under different radiation treatments on March 16 (A), March 21 (B), April 20 (C), May 23 (E) and

May 28 (F), 2004, and on September 29, 2006 (D, temperature controlled at 21.5–22.5�C and solar radiation reduced) to

simulate the cloudy day, April 24, 2004.
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the morning could hardly be associated with the
radiation treatments, since cutting-off 320 and 395
films reflected 4% of the solar PAR.
Diurnal photosynthesis of macroalgae has been

previously found to be depressed in the afternoon
on sunny days in Macrocystis pyrifera surface
canopy (Gerard, 1986), Sargassum spp. (Gao &
Umezaki, 1989; Gao, 1990), Ulva curvata, Codium
decorticatum, Dictyota dichotoma, Petalonia fascia
and Gracilaria foliifera (Ramus & Rosenberg,
1980). The photosynthetic efficiency of O2

evolution was found to be higher in the morning
than in the afternoon in Ulva rotundata
(Henley et al., 1991) and Sargassum horneri (Gao,
1990) under solar PAR. Such an afternoon photo-
synthetic depression was not found on rainy or
highly cloudy days (Gao & Umezaki, 1989) and

may be largely removed by superimposing a light
fluctuation on the diurnal regime as demonstrated
in phytoplankton (Marra, 1978). Contrarily, the
red alga Gelidiella acerosa was found to photo-
synthesize inefficiently in the morning compared to
midday and afternoon (Ganzon-Fortes, 1997). Due
to the light-transmission characteristics of the
incubation vessels used (glass, polyethylene and
polycarbonate materials) which do not allow UV-B
and part of UV-A to penetrate (Van Donk et al.,
2001), these previous findings only demonstrated
the asymmetrical diurnal photosynthesis under
PAR, without UV-B or UVR being considered.
On the other hand, the highest photoinhibition at
noon was observed in macroalgae under the full
spectrum of solar radiation (Huppertz et al., 1990;
Hanelt, 1992), however, the effects caused by UVR
have only infrequently been differentiated from
those of PAR (Hanelt et al., 1997; Flores-Moya
et al., 1999). This study shows that UVR further
depressed the apparent photosynthetic efficiency in
the afternoon on sunny days. In addition, UV-A
enhanced the apparent photosynthetic efficiency
and increased net photosynthetic rate during
the sunrise period. However, such enhancement
was not significant during the sunset period.
Accumulated damage caused by UVR at noontime
and slow recovery until sunset may be accountable
for this discrepancy. Diurnal photosynthetic inhi-
bition and recovery in G. lemaneiformis displayed
different patterns according to overcast conditions,
reflecting the differences in the balance between
damage and repair. Diurnal rhythms or feedback
effect of UVR on Calvin-cycle enzymes may also

Table 1. Maximal net photosynthetic rate, Pm (mmol

O2 g
�1 h�1), apparent photosynthetic efficiency, � (mmol

O2 g
�1 h�1)/(Wm�2), light-saturating irradiance, Ik

(W m�2), derived from the photosynthesis-light relation-

ships (P–E curves) for all the diurnal measurements in
Fig. 2 under different radiation treatments. The values in
parentheses are for the PM in contrast to the AM values.
Data are means� SD for six P–E curves (Fig. 4).

Treatments

(morning) � Pmax Ik

P 1.90� 0.35a 136.5� 19.0a 73.9� 16.5a

(2.24� 0.92a) (139.5� 19.0a) (69.9� 25.2a)

PA 2.38� 0.31b� 115.4� 16.8b 49.4� 10.5a

(1.90� 0.53b�) (115.8� 10.3b) (64.6� 17.0a)

PAB 2.04� 0.20a� 103.7� 12.8b 51.2� 6.7a

(1.59� 0.38b�) (104.2� 6.7b) (70.0� 22.9a)

Note: Different letters show significant (p50.05) differences

among the treatments for each parameter. Asterisks indicate

significant (p50.05) differences between the morning and

afternoon.
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contribute to the observed reduction. The
result that UV-B did not bring any difference in
the Pmax between the afternoon and morning
in G. lemaneiformis could be attributed to

fluctuating solar irradiance, which occurred
during most of the experimental days (Table 1).
It is possible that highly fluctuating solar irra-
diance, especially that of UV-A, could refurbish
damaged photosynthetic apparatus and ameliorate
the afternoon Pmax depression, based on the
balance between damage and repair.
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Table 2. Relative growth rates (RGR) derived from daily

photosynthetic production (daytime photosynthesis minus
night respiration) (Pd) and those measured directly from
biomass changes (Bm) in April and May, 2004 under

different radiation treatments.

P PA PAB P:PA:PAB

RGR-Pd 13.58 11.56 8.98 1:0.85:0.66

RGR-Bm 10.10 9.14 7.01 1:0.91:0.69
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The present study, on the other hand, showed
that UV-A enhanced the photosynthetic O2 evolu-
tion and apparent quantum yield in G. lemanei-
formis under low levels of solar radiation, which
could be associated with UVR-energizing or
UV-A-stimulated key enzyme activity for photo-
synthetic CO2 fixation, as recently found for
phytoplankton (Gao et al., 2007). Although high
levels of UV-A radiation at midday caused
photosynthetic inhibition of some macroalgae
(Häder et al., 2001), low levels of UV-A radiation
has been found to enhance the growth of brown
algae, Fucus gardneri, embryos (Henry & Van
Alstyne, 2004) as well as photosynthetic CO2

fixation by phytoplankton (Helbling et al., 2003).
UV-A has also been found to aid in DNA repair
(Pakker et al., 2000a,b). Recently, absorption of
UV-A energy has been found to be transferred to
chl a, which then emitted red fluorescence in a
diatom (Orellana et al., 2004).
In the present work, UV-B reduced the growth

rate of G. lemaneiformis in both April and May,
however, UV-A only affected the growth rate
negatively in the April experiment. Different
fluctuating patterns of incident solar radiation
between the April and May experimental periods
(Fig. 7) may account for this difference. Frequently
changing levels of solar radiation due to
cloud movement, or low levels of UVR on cloudy
days in May (Fig. 7B), could lead to UV-A
enhanced photosynthesis and subsequently
improve growth.
Photosynthetic inhibition over the short term

(51 day), reflecting reduced photosynthetic effi-
ciency and/or carboxylation, may not agree with
growth induced by UVR over the long-term (41
week), though algal growth is based on photo-
synthesis. Daily production of G. lemaneiformis
was inhibited by UVR to a greater extent
compared with RGR estimated from biomass
change (Table 2). Amelioration of UVR-related
harm by accumulated UVAC could contribute to
the decreased photo-inhibition on growth. On the
other hand, excretion of dissolved organic matter
or loss of algal tissue might be responsible for the
difference between the RGR and photosynthetic
production. Despite the difference, however,
photosynthetic response to solar UVR agreed
well with that of growth, in that both UV-A and
UV-B had an inhibitory effect in G. lemaneiformis,
with a decrease of 19–22% by UV-B and 9–15% by
UV-A. Natural levels of UV-B radiation have been
found to damage DNA in macroalgae (Pakker
et al., 2000b) and reduce the growth rate of Ulva
spp (Altamirano et al., 2000; Han & Han, 2005)
and Fucus gardneri embryos (Henry & Van
Alstyne, 2004). Enhanced levels of UV-B can
further inhibit macroalgal growth as found in the

brown algae Ectocarpus rhodochondroides (Santas
et al., 1998) and Dictyota dichotoma (Kuhlenkamp
et al., 2001). The bilateral (positive at low and
negative at high levels) effects of UV-A could
magnify the discrepancy in UV-related inhibition
between the integrated photosynthetic production
and growth according to the weather conditions.
Macroalgae in nature often exhibit high levels of

UV-absorbing compounds, such as MAAs in the
red alga Porphyra columbina (Korbee-Peinado
et al., 2004), an unknown UV-B absorbing
substance in the green alga Ulva pertusa (Han &
Han, 2005) and phlorotannin in the brown
algae Ascophyllum nodosum and Fucus gardneri
(Pavia et al., 1997; Henry & Van Alstyne, 2004).
These compounds have been suggested to play
a protective role against solar UVR (Oren &
Gunde-Cimerman, 2007). In the present study, the
levels of UVAC were higher in the thalli of G.
lemaneiformis under the full spectrum of solar
radiation than the UVR-free treatments, reflecting
an induction responsive to UVR. Synthesis of
UVAC has been found to be induced by UV-B in
Chondrus crispus (Karsten et al., 1998), P. colum-
bina (Korbee-Peinado et al., 2004) and U. pertusa
(Han & Han, 2005). Such stimulation is dependent
on both dose and wavelength, with higher accu-
mulation of UVAC under high daily doses
(Karsten et al., 1998, Franklin et al., 2001).
Accumulation of UVAC or the increased ratio of
UVAC to Chl a in G. lemaneiformis could have
diminished the harmful effects of solar UVR,
which may lead to decreased inhibition of growth
over a longer time period (Table 2). On the other
hand, thallus morphological differences and
related optical characteristics can also affect
macroalgal response to UVR (Roleda et al., 2006).
Based on the present study on G. lemaneiformis,

diurnal photosynthetic performance of macroalgae
can differ when solar UVR is considered. Both
UV-A and B negatively affect the photosynthesis
at midday, while UV-A could act positively, either
enhancing photosynthesis or photo-repairing
under reduced solar radiation, and therefore have
a insignificant effect on growth over the long term.
Diurnal photosynthetic production of G. lemanei-
formis appeared to depend not only on levels of
PAR and UVR but also on fluctuating patterns of
solar radiation, reflecting the difficulty in compar-
ing outdoor short- and long-term experiments,
because of cloud movement or overcast conditions
on a daily basis. UV-protective mechanisms during
acclimation, such as accumulation of UVAC and
related optical characteristics of the tissue, can also
reduce the UVR-related inhibition and benefit
growth. Temperature changes may also affect
the diurnal photosynthetic performance since
the enzymatic activity responsible for repairing
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UVR-damage changes with temperature. Further
study is needed to test the temperature-dependency
of UVR-related diurnal photosynthetic behaviour.
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BISCHOF, K., GÓMEZ, I., MOLIS, M., HANELT, D., KARSTEN, U.,
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