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Abstract In order to examine the effects of solar ultraviolet
radiation (UVR, 280–400 nm) on photosynthesis of differ-
ently cell-sized phytoplankton, natural phytoplankton
assemblages from the coastal waters of the South China
Sea were separated into three groups (>20, 5–20, and
<5 μm) and exposed to four different solar UV spectral
regimes, i.e., 280–700 nm (PAR+UVR), 400–700 nm
(PAR), 280–400 nm (UV-A+B), and 315–400 nm (UV-A).
In situ carbon fixation measurements revealed that micro-
plankton (>20 μm) efficiently utilized UV-A for photosyn-
thetic carbon fixation, with assimilation number of up to
1.01 μg C (μg chl a)−1h−1 under 21.4 Wm−2 UV-A alone
(about half of noontime irradiance at the surface), about
40 % higher than nanoplankton (5–20 μm). UV-B (280–
315 nm) of 0.95 Wm−2 reduced the carbon fixation by
approximately 20 and 57 % in microplankton and nano-
plankton assemblages, respectively. In contrast, smaller
picoplankton (<5 μm) was unable to utilize UV-A for the
photosynthetic carbon fixation. In addition, only micro-
sized assemblages demonstrated the UV enhancement on
their primary productivity in the presence of PAR, by about
8 % under moderate intensities of solar radiation.
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Introduction

Due to the stratospheric ozone depletion and climate-related
changes, marine phytoplankton are subject to increasing UV-
B (280–315 nm) irradiance and fluctuations of ultraviolet
radiation (UVR, 280–400 nm) during daily or seasonal cycles
(Häder et al. 2007). Solar UVR is known to damage DNA,
protein molecules, and pigments (Buma et al. 2003; Roy et al.
2006), reduce photosynthesis (Gao et al. 2009; Li et al. 2011)
and nutrient uptakes (Hogue et al. 2005), and even lead to cell
death (Agustí and Llabrés 2007). Additionally, UVR can
cause changes in community structures (Davidson et al.
1996) and ultimately influence the marine food chains
(Häder et al. 2007; Häder 2011). However, moderate intensi-
ties of UV-A (315–400 nm) can also aid in photorepairing
UV-B-damaged DNA (Karentz et al. 1991; Buma et al. 2003).
UV-A-driven photosynthesis in micro- as well as macro-algae
has also been reported under the reduced or fluctuating solar
radiation (Helbling et al. 2003; Mengelt and Prézelin 2005;
Gao et al. 2007a; Xu and Gao 2010).

Cell size of phytoplankton crucially determines the efficien-
cy of element or energy transfer and, thus, the production of
higher trophic levels in marine food webs (Raven 1998; Finkel
et al. 2010; Mei et al. 2011). Light absorption (Sigee 2005;
Fujiki and Taguchi 2002), photosynthesis (Raven and Kübler
2002; Li et al. 2011), and tolerance to UVR (Laurion and
Vincent 1998; Häder 2011) are also known to differ among
differently cell-sized phytoplankton. Pigment-specific light ab-
sorption increases with decreasing cell size (Fujiki and Taguchi
2002), leading to a higher light use efficiency as well as UV
exposure per unit pigment or per cell volume (Jeffrey et al.
1996); therefore, smaller cells are usually more vulnerable to
UV than their larger counterparts (Garcia-Pichel 1994; Laurion
and Vincent 1998). In general, smaller phytoplankton cells

G. Li :K. Gao (*)
State Key Laboratory of Marine Environmental Science,
Xiamen University, Xiamen, Fujian 361005, China
e-mail: ksgao@xmu.edu.cn

G. Li
Key Laboratory of Marine Bio-resources Sustainable Utilization,
South China Sea Institute of Oceanology, Chinese Academy
of Sciences, Guangzhou, Guangdong 510301, China

Estuaries and Coasts (2013) 36:728–736
DOI 10.1007/s12237-013-9591-6



dominate the pelagic water (Li 2002; Finkel et al. 2010),
whereas larger cells dominate the coastal water wherein the cell
assemblages are more resistant to solar UVR (Li et al. 2011).
However, little has been documented on the size-dependent
effects of UV on photosynthetic carbon fixation of the phyto-
plankton assemblages, as well as the effective UV wavebands.

Cell size of phytoplankton tends to vary greatly from
nutrient-rich coasts to oligotrophic oceans (Raven 1998; Li
2002; Finkel et al. 2010) and from well-mixed winter to
severely stratified summer conditions [i.e., larger cells are
abundant in the former, while smaller ones are plentiful in
the latter (Chen 2005; Wu et al. 2010)]. Along with the
different wavebands of UV that attenuate differentially
down the water column, phytoplankton cells at different
depths and of different sizes can be affected to a different
extent. Here, we studied the cell size-dependent photosyn-
thetic carbon fixation of natural assemblages from the coast-
al waters of the South China Sea and looked into the roles of
UV on regulating the marine primary productivity.

Materials and Methods

Sample Collection Surface seawater samples (20 cm) con-
taining phytoplankton assemblages were collected from the
coastal waters of the South China Sea at Nan’ao (23°29′ N,
117°06′ E; 10 m deep and 500 m offshore) and Xisha coral
reefs (16°51′ N, 112°20′ E; 20 m deep and 300 m offshore)
near Yongxing Island (Fig. 1). The study was carried out
during the periods of August 2006 and March to July 2007.

The sampleswere collected in themorning (around 0830 hours)
with an acid-cleaned (1 N HCl) polycarbonate container. The
temperature and salinity were measured with a conductivity–
temperature–depth equipment (YSI 600XL, Yellow Springs
Instruments, USA). Determinations of photosynthetic carbon
fixation and other related analyses (described below) were done
or initiated within 15 min of the sampling.

Irradiance Measurements Incident solar irradiance was
continuously monitored with a broadband solar radiometer
(ELDONET, Real Time Computer Inc., Germany) that mea-
sured every second the solar irradiance of UV-B (280–
315 nm), UV-A (315–400 nm), and PAR (400–700 nm),
and recorded the means over each minute (Häder et al.
1998). During the study period, the equipment was set on
the roof of a building, about 200 m off the sampling site in
both Nan’ao and Xisha. The light penetration in Xisha water
were measured with a diving radiometer (ELDONET, Real
Time Computers, Inc.) with the same channels as mentioned
above as well as temperature and depth sensors. The equip-
ments are authenticated accurately (certificate no.
2006/BB14/1) with less than 0.5 % error and calibrated
regularly using a double monochromator spectroradiometer
(HR4000, Oceanic Optics Inc., USA) and a certified cali-
bration lamp (DH 2000, Oceanic Optics Inc., USA).

Size Fractionation To obtain three cell size fractions of phy-
toplankton assemblages, prefiltered seawater (180-μm pore
size; to remove large zooplankton) was sequentially filtered
through a 20- and 5-μm pore size Nitex® mesh; the cells that
reposed on the meshes were gently washed off using filtered
(Whatman GF/F filter) seawater and diluted to their natural
abundance level. The diluted samples (>20- and 5–20-μm
fractions) and filtrates (<5-μm fraction) were used for experi-
ments. For simplicity, phytoplankton cells with effective di-
ameter >20 μmwere classified as microplankton, 5–20 μm as
nanoplankton, and <5 μm as picoplankton hereafter.

Experimental Design Subsequent to the collections, the sea-
water samples were exposed to different solar irradiation
treatments to determine the photosynthesis vs. UV relation-
ship (P vs. U curves), photosynthesis vs. PAR relationship
(P vs. E curves), and UV spectral irradiance effects on
carbon fixation as follows (Table 1).

The P vs. U curves of the three size-based phytoplankton
assemblages (>20, 5–20, and <5 μm) were established in
Nan’ao coastal water under two irradiation treatments, i.e.,
(a) samples exposed to UV-A+B (UVR, 280–400 nm) in
quartz tubes covered with Schott UG-11 filter (50 % cutoff
at 280 and 375 nm, and transmit between them), and (b)
samples exposed solely to UV-A (320–400 nm) in quartz
tubes covered with UG-11+Folex 320 filter (50 % cutoff at

Fig. 1 Sampling sites in Nan’ao and Xisha waters of the South China
Sea
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320 nm). However, in the case of Xisha samples, total
assemblages were used since about 90 % of the cells had a
diameter <5 μm (Table 2). All the incubations were carried
out in triplicates. The tubes containing phytoplankton sam-
ples were placed beneath a UG-11 filter to cut off PAR;
furthermore, in order to obtain different UV intensities, zero
(none) to five layers of neutral density net were employed to
vary UVR from 54 to 3 % of its incident surface level (Gao
et al. 2007a). Two incubation days (March 28 and 30, 2007)
were used in Xisha water with three light intensities for each
day; and three incubation days (June 27, 28, and July 5,
2007) were used in Nan’ao water with three cell fractions
under two light intensities for each day.

The P vs. E curves of two cell-sized assemblages (>20
and <20 μm) in Nan’ao coastal water were obtained in the
presence and absence of UVR as follows: (a) samples ex-
posed to PAR+UVR (cells receiving irradiances above
280 nm) in uncovered quartz tubes; and (b) samples exposed
to PAR alone (cells receiving irradiances above 395 nm) in
quartz tubes wrapped with Ultraphan 395 filter (50 % cutoff
at 395 nm). Nine intensities (triplicate for each) of solar
radiation from 100 to <2 % of surface irradiance were
achieved by covering the samples with zero to seven layers
of neutral density screens (Li et al. 2009). For the P–E
curves, two incubation days (June 24 and 26, 2007) were

used with two cell size fractions under four or five light
intensities for each day.

To study the effects of UV spectral irradiance on photo-
synthetic carbon fixation, total phytoplankton assemblages
in quartz tubes were placed in an opaque plastic box (in
triplicates) that was sealed with a UG-11 filter on the top, so
that the cells were exposed either to full solar UV spectrum
(uncovered tubes) or different UV spectral irradiance by
covering the UG-11 with WG295, WG305, WG320, or
WG360 nm Schott cutoff filters. For the radiation treatments
with PAR plus different UV wavebands, the UG-11 filter
was removed. This set of experiment was carried out on
August 2 and 6 2006 and June 23 2007, respectively.
Xu and Gao (2010) have presented the transmission spectra
of Folex 320 (Montagefolie, no. 10155099, Folex, Dreieich,
Germany), Ultraphan 395 (UV Opak, Digefra, Munich,
Germany), and UG-11 filters (Schott, Mainz, Germany), while
those of the WG filters can be found in Villafañe et al. (2003).
The UG-11 filter cuts off 100 % PAR and transmits 53.7 %
UV-A and 63.8 % UV-B, whereas Folex 320 foil transmits
70.5 % UV-A (Gao et al. 2007a). There was about 5-nm
difference between the measured (315–400 nm) and exposed
UV-A (320–400 nm) waveband, so the cells received about
2 % less UV-A irradiance as compared to the measured
irradiance.

Table 1 Experimental information and solar radiation penetration depths (1 % of surface irradiance) of the sampling sites in Nan’ao and Xisha
waters

Experiment Date Size fraction Light penetration

PAR (m) UV-A (m) UV-B (m)

P–U curve Jun 27 and 28, Jul 5, 2007 <5, 5–20, and >20 μm 6–8a 3–3.5a 1.7–2.3a

Nan’ao P–E curve Jun 24 and 26, 2007 <20 and, >20 μm

UV spectra Aug 2 and 6, 2006; Jun 23, 2007 Total cell assembly

Xisha P–U curve March 28 and 30, 2007 Total cell assembly 22 12 8.4

P–U curve, P–E curve, and UV spectra represent the photosynthesis vs. UV relationship, photosynthesis vs. PAR relationship, and effects of UV
spectral irradiance on carbon fixation, respectively. The light penetration in Xisha water was measured on March 24, 2007
a Light penetration in Nan’ao water based on Gao et al. 2007b, measured in summer of 2005

Table 2 Physical and biological features (mean±SD, n=3–8) in sur-
face seawater of Nan’ao and Xisha: mean solar irradiance (in Watt per
square meter) of PAR, UV-A, and UV-B during the 14C-labeled incu-
bations, surface seawater temperature (SST, in degrees Celsius), and

salinity (SSS), chl a concentration (in microgram per liter), and pro-
portion (in percentage) to total chl a of the three cell-sized fractions for
the periods of June 24 to August 8, 2006 and June 23 to 26 of 2007 in
Nan’ao water and March 23 to 31 of 2007 in Xisha water

PAR UV-A UV-B SST SSS chl a >20 μm 5–20 μm <5 μm

Nan’ao 313±74 47.7±10 2.1±0.4 26.2±1.5 27.7±3.8 6.23±3.0 42±12.6 22.3±6.7 35.8±4.1

Xisha 360±10 55.6±1.7 2.6±0.1 29.1±1.4 33.9±0.1 0.53±0.18 – – 88.4±5.4
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Photosynthetic Carbon Fixation The pretreated water sam-
ples were dispensed into 20- or 50-mL quartz tubes and inoc-
ulated with 100 μL of 5 μCi (0.185 MBq) NaH14CO3 (ICN
Radiochemicals), as 9.25- or 3.7-kBqpermL samples; the
tubes were then incubated for 6 h (0930–1530 hours) in a
water tank supplied with a continuous flow of surface seawater
to maintain the temperature at 26–28 °C in Nan’ao or at 28–
30 °C in Xisha water (similar to surface seawater temperature
(SST)). Duplicate tubes wrapped in aluminum foil were used
as dark samples. After the incubation, each sample was filtered
onto a Whatman GF/F glass fiber filter (25 mm), placed into a
20-mL scintillation vial, exposed to HCl fumes overnight,
dried (55 °C) to expel non-fixed 14C, and digested in 3-mL
scintillating cocktail (UltimaGold, Perkin Elmer®); the incor-
porated 14C was measured using a liquid scintillation counter
(Beckman Coulter, LS 6500, USA). The photosynthetic rate
was calculated according to Holm-Hansen and Helbling
(1995).

Chlorophyll a Measurement Chlorophyll a (chl a) concen-
tration was measured by filtering 300–500 mL (Nan’ao) or
1.5 L (Xisha) of prefiltered (180-μm pore size) seawater
onto a Whatman GF/F glass fiber filter (25 mm), extracting
with 5-mL absolute methanol in the dark for 3 h at room
temperature, and then being scanned with a spectrophotom-
eter (UV 2501-PC, Shimadzu, Japan) to obtain the optical
density between 280- and 750-nm wavelengths. The chl a
content was estimated based on the equation of Porra

(2002). In order to determine the nano- or picoplankton
fractions, a sub-sample was prefiltered through a 20- or
5-μm pore size Nitex® mesh, and chl a was determined as
described above; estimations on chl a of each cell size
fractions were calculated by subtractions. Likewise, 300–
500 mL of diluted samples mentioned above was also fil-
tered to determine chl a content, as compared to the sub-
tracted values.

Fig. 2 Photosynthetic carbon fixation rates (in microgram of C per
microgram of chl a per hour) of differently cell-sized fractions (<5, 5–
20, and >20 μm) of phytoplankton assemblages as a function of solar
UVR (280–400 nm) or UV-A (315–400 nm) in Watt per square meter
during March 28 and 30 in Xisha and June 27, 28, and July 5, 2006 in
Nan’ao coastal waters. R2 values of P vs. U curves (<5 and 5–20 μm)
ranged from 0.64 to 0.98 (n=8); the vertical bars represent standard
deviations (n=3)

Fig. 3 a Photosynthetic rates (in microgram of C per microgram of chl
a per hour) as a function of PAR irradiance (in Watt per square meter)
in microplankton (>20 μm) and pico- and nanoplankton (<20 μm)
assemblages from the Nan’ao coastal water on June 24 and 26, 2007
under PAR (280–700 nm) and PAR+UVR (400–700 nm). b Daily
carbon fixation (in microgram of C per liter per day) of microplankton
and pico- and nanoplankton assemblages exposed to two irradiance
treatments. c Inhibition (in percentage) of UVR on the carbon fixation
of microplankton and pico- and nanoplankton cell assemblies. R2

values of P vs. E curves ranged from 0.72 to 0.86 (n=9); the vertical
bars represent the standard deviations (n=3), and the asterisk indicates
significant difference (p<0.05)

Estuaries and Coasts (2013) 36:728–736 731



Data Analyses P vs. E curves were obtained using the
model of Eilers and Peeters (1988) and fitting the data by
iteration: PB=E/(aE2+bE+c); where, PB is the photosyn-
thetic rate (in microgram of C per microgram of chl a per
hour); E is the irradiance (in Watt per square meter); and a,
b, and c are the adjustment parameters. Since the Ultraphan
395 filter blocks 4 % of PAR under seawater (Gao et al.
2007a), the establishments of P vs. E (PAR) relationship
were performed after calibrating the PAR by multiplying
0.96.

Daily photosynthetic production of microplankton and pico-
and nanoplankton cell assemblages was estimated by integrating

the carbon fixation rate at different light intensities over the
daytime (Behrenfeld and Falkowski 1997):

P
PP ¼ R sunset

t¼sunrise
PARðtÞ a�ð= PAR2ðtÞ þ b� PAR tð Þ þ cÞ:� chl a½ � ; where
∑PP represents the daily carbon fixation (in microgram of C
per liter per day); a, b, and c are the adjustment parameters
described above; and [chl a] is the chl a concentration (in
microgram per liter).

One-wayANOVA or paired t test was used to determine the
significant differences between the different irradiation treat-
ments with p<0.05; the correlation between the carbon fixation
rate and UV intensities was established using a linear
regression.

Fig. 4 Incident solar irradiance (in Watt per square meter) of PAR
(400–700 nm), UV-A (315–400 nm), and UV-B (280–315 nm) at a
August 6 and b August 8, 2006 and c June 23, 2007, when the
photosynthetic carbon fixation rate (in microgram of C per microgram
of chl a per hour) of phytoplankton assemblages were measured under

different radiation treatments to distinguish the functional roles of
different UV wavebands in the presence (d, e, f) or absence (g, h) of
PAR. The bold horizontal lines indicate the incubation periods; the
vertical bars represent the standard deviations for triplicate incuba-
tions; and the letters indicate significant difference (p<0.05)
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Results

Table 2 details the solar irradiance (PAR, UV-A, and UV-B),
surface seawater temperature (SST) and salinity (SSS) for
the study period, along with phytoplankton biomass (chl a)
and cell size structure in Nan’ao and Xisha coastal waters.
Nan’ao water had relatively lower levels of SST and SSS as
compared to Xisha water; while Nan’ao samples demon-
strated 12-fold higher chl a concentration (6.23±3.0 μgL−1)
as compared to Xisha samples (0.53±0.18 μgL−1). On the
other hand, picophytoplankton contributed to 35.8±4.1 % of
total chl a in Nan’ao samples, while that of Xisha samples
contributed to 88.4±5.4 % (Table 2). Based on the high
standard deviations obtained here, it appeared that the phys-
icochemical and biological parameters fluctuated more in
Nan’ao than Xisha water (Table 2).

When we exposed samples to UV alone (i.e., when PAR
was filtered out), characteristics of P vs. U relationship
varied markedly among the three cell-sized assemblages
(Fig. 2). Significant photosynthetic carbon fixation occurred
when microplankton (>20 μm) or nanoplankton (5–20 μm)
cells were exposed to UV, but no noteworthy UV-driven
photosynthesis was detected in smaller cells (<5 μm)
(Fig. 2). The photosynthetic rate of microplankton assemb-
lages was proportional with increasing UV intensity, i.e., a
remarkable increase in photosynthetic rate was found with
increasing UV-A intensity, that reached 1.01 μg C(μg chl
a)−1h−1 at 21.4 Wm−2 (about half of noontime irradiance at
the surface); similar results were obtained for nanoplankton
cells with the value of 0.60 μg C(μg chl a)−1h−1 at the same
UV intensity (Fig. 2). The apparent photosynthetic efficiency
(the initial slope of carbon fixation vs. UV intensity) solely
under UV-Awas approximately 4.94×10−2 and 2.60×10−2μg
C(μg chl a)−1h−1(μmolm−2s−1)−1 in microplankton and
nanoplankton cell assemblies, respectively. Addition of UV-
B significantly reduced the photosynthetic efficiency by 20
and 71 % in microplankton and nanoplankton assemblages,
respectively. At 10 Wm−2 of UV irradiance, phytoplankton
showed an observed size-dependent variation (p<0.05) in
carbon fixation abilities when exposed to UV-A+B or UV-A
alone. UV-B-induced inhibition on the UV-A-driven carbon
fixation reached about 20 % in microplankton cells and 57 %
in nanoplankton cells at the highest irradiance (Fig. 2).

The photosynthesis vs. PAR irradiance (P vs. E) relation-
ships of microplankton (>20 μm) and pico- and nanoplankton
(<20 μm) assemblages also differed greatly with or without
solar UVR (Fig. 3a). Exposure to high intensities of sunlight
(PAR >200 Wm−2) caused greater photoinhibition to micro-
plankton than pico- and nanoplankton cells; this effect was
more pronounced in the samples exposed to PAR+UVR
(Fig. 3a). At low PAR intensities (i.e., <200Wm−2), however,
microplankton cell assemblies exposed to PAR+UVR dem-
onstrated higher carbon fixation rates as compared to PAR

treatment, reflecting a contribution by UV-driven photosyn-
thesis. However, this phenomenon was not obvious in pico-
and nanoplankton cell assemblies (Fig. 3a). Finally, the daily
carbon fixation (PAR) of microplankton or pico- and nano-
plankton assemblies were about 272 and 120 μg CL−1d−1,
respectively (Fig. 3b), and the UV exposure increased the
daily productivity of microplankton cells by 7.8 % but re-
duced by 21 % in pico- and nanoplankton cells (Fig. 3c).

Notable differences in the effects of UV spectral irradiance
also occurred in the absence and presence of PAR radiation
(Fig. 4). Under PAR-free conditions, the samples exposed to
280–400-nm UV demonstrated significant photosynthetic car-
bon fixation (Fig. 4d–f), with reductions by 14 and 22% under
280–295- or 295–305-nm UV irradiance, respectively.
Compared to total UV bands (280–400 nm), exposures to
305–320- or 320–350-nm irradiance led to 9.1 and 14 %
increase in the photosynthetic carbon fixation, respectively
(Fig. 5a), implying that the 305–320-nm UV wavebands con-
tribute also to the carbon fixation. In the presence of PAR
(Fig. 4g, h), however, deleterious effects of all UV irradiance,
i.e., 280–295, 295–305, 305–320, 320–350, and 350–400 nm
can be visualized in terms of the inhibition (Fig. 5b).

Fig. 5 Inhibition of various UV spectral irradiance on the carbon
fixation rate of phytoplankton assemblages. a Inhibition (in percent-
age) as compared to the treatment of 280–400-nm UV irradiance in the
absence of PAR. b Inhibition (in percentage) as compared to the
treatment of 280–700-nm solar irradiance in the presence of PAR
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Discussion

Larger phytoplankton cells are known to have slower
growth rates as compared to smaller ones due to their slower
biomass-normalized metabolic rates, higher nutrient/energy
requirements, and faster sinking rates (Raven 1998; Raven
and Kübler 2002; Mei et al. 2011). However, this study
reveals a new perspective to this theory that larger cells
(>20 μm) can benefit from UV radiation since they can
use most of UV spectral energy for photosynthesis, while
smaller ones (<5 μm) cannot use this energy when PAR is
limiting. Previously, UV-A has been indicated to drive pho-
tosynthesis of coastal phytoplankton assemblages (Gao et al.
2007a); this study indicates that longer wavebands of UV-B
(305–315 nm) might also be used for photosynthesis.

Size-dependent responses of phytoplankton cells to solar
UV (Figs. 2 and 3a) gives a new perspective of the interactive
effects of cell size and UVon marine primary production. The
laboratory (Barbieri et al. 2002) and field (Helbling et al.
2003; Mengelt and Prézelin 2005; Gao et al. 2007a, b) studies
have indicated that solar UV could drive photosynthesis of
coastal phytoplankton and increase the primary productivity.
Consistent with these results, the UV-utilizing ability of phy-
toplankton was observed here, but only in larger cells (Fig. 2).
Larger cells have the ability to biosynthesize and accumulate
UV-absorbing compounds (UVACs; e.g., mycosporine-like
amino acids) while smaller ones have not (Raven 1991;
Garcia-Pichel 1994). Apart from the protective role that the
UVACs play in combating harmful UV (Raven 1991; Garcia-
Pichel 1994; Sinha and Häder 2008), these compounds indi-
cated by Gao et al. (2007a) might fill the role of an antenna to
absorb and transmit UVenergy to reaction center of photosys-
tem II to drive photosynthesis, resulting in the UV-driven
photosynthesis that occurred in larger but not smaller cells at
PAR-free (Fig. 2) or -limiting conditions (Fig. 3a). This also
explains why the UV-induced reduction of photosynthetic
CO2 fixation was lower in large-cell-dominated coastal water
than small-cell-rich pelagic water (Li et al. 2011). Moreover,
the higher photosynthetic rate in large-sized but not in small-
sized cell assemblages (Fig. 3a) might be associated with a
higher PSII photochemical efficiency characteristic of certain
taxonomic groups, such as diatoms (Cermeño et al. 2005),
which often dominate the study waters (Gao et al. 2007a, b; Li
et al. 2009; Wu et al. 2010).

Differential responses to solar UVR by phytoplankton
assemblages from Nan’ao to Xisha coastal water (Fig. 2) could
mainly result from the changes of cell size in communities
(Table 2). Nan’ao water is nutritious due to the local aquacul-
ture and land-derived runoffs (Guo and Huang 2006), and thus
more abundant of larger cells (Gao et al. 2007a, b; Li et al.
2009; Wu et al. 2010); while Xisha water that is located far
from themainland is oligotrophic andmore plentiful of smaller
cells (Li et al. 2012). High quantities of UVACs are known to

occur in larger cells, but not in their smaller complements
(Raven 1991; Garcia-Pichel 1994). Much higher levels of
UVACs have also been observed in dinoflagellates with larger
cell volume than in diatoms with small cell volume (Marcoval
et al. 2007). More efficient UV-utilizing ability of phytoplank-
ton assembly from Nan’ao than Xisha could ascertain the
notion that the UVACs play a pivotal role in absorbing and
transmitting UV energy to the reaction center of photosystem
II, thereby driving CO2 fixation in larger cells (Fig. 2). High
nutrient level, e.g., nitrogen could increase the UVAC content
in cells (Marcoval et al. 2007), that might account for the high
UV-utilizing ability of phytoplankton from nutritious coastal
water. This was eliminated in this study since the small cells
(<5 μm) in the same nutrient-rich water (Nan’ao) did not use
any UVenergy for carbon fixation as compared to their larger
complements (Fig. 2). Wu et al. (2010) also noticed a similar
differential effect of solar UVon the primary production in the
same water, due to the seasonal species transition.

Differential UV effects on phytoplankton, related to their
cell size, generalize a crucial perspective in view of biolog-
ical oceanography if considering the great variations (<1–
103μm) in phytoplankton cell size in communities over the
temporal or spatial scales (Raven 1998; Li 2002; Finkel et
al. 2010). Previous studies have indicated that the surface
phytoplankton productivity was higher in the coastal than
the pelagic water of the South China Sea even in the pres-
ence of UVR (Li et al. 2011). The size-dependent responses
to solar UV and photosynthetic capability as well as the
differently sized populations in different waters certainly
modulate the amount of CO2 sequestered in the oceans. In
addition, since UV and PAR of different wavelengths are
attenuated disproportionally downward water column, even
within the upper mixing layer, photosynthetic performance
and carbon fixation can differ at different depths or during a
vertical mixing cycle; in return, the physiological effects of
UV radiation on differently sized cells may determine their
abundance in waters of different environmental conditions.
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