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ABSTRACT: During May 2002 we carried out studies with tropical phytoplankton assemblages from
coastal waters off SE China to assess the combined effects of solar UV radiation (UVR, 280 to 400 nm)
and mixing rates. Water samples were taken daily and incubated using in situ and simulated in situ
conditions under 3 radiation regimes (photosynthetically active radiation [PAR] + UVR, PAR + UV-A
and PAR only). Variable radiation regimes, to simulate the irradiance field in the upper mixed layer
(UML), were obtained by using a device consisting of 1 fixed (static samples) and 1 rotating system
(moving samples). Solar UVR inhibited phytoplankton photosynthesis in the water column (i.e. during in situ experiments), and this inhibition (mean value at surface = 24%) decreased with depth, so
that at 1.2 m there were no significant differences between radiation treatments. However, at 1.8 m
depth, the samples receiving UV-A had significantly higher carbon fixation than those receiving only
PAR. Simulated in situ experiments showed that solar UVR stimulated phytoplankton photosynthesis
under fast mixing conditions (i.e. when the irradiance levels changed from 100 to 6% and back in less
than 30 min). With slower circulation periods, solar UVR reduced carbon fixation and consequently
the integrated inhibition within the UML approached the values from the static samples. Previous
model predictions based on the interactive effects of UVR and mixing might have underestimated
phytoplankton photosynthesis in these regions. Overall, our results suggest a high resistance of these
coastal tropical assemblages to solar UVR as compared to other regions of the planet.
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Solar ultraviolet radiation (UVR, 280 to 400 nm) is an
environmental factor that has a range of effects upon
phytoplanktonic organisms. These effects can be: positive, such as those that are determined by an increase
of carbon uptake under relatively low UVR levels
(Nilawati et al. 1997, Barbieri et al. 2002) or by the use
of UV-A to photorepair DNA damage (Karentz et al.
1991a); neutral, with many planktonic organisms
being rather resistant to UVR (Cabrera et al. 1997); or
even deleterious, with UVR affecting various targets

within the cell (e.g. Photosystem II, DNA, proteins,
etc.) (Neale 1987, Häder 1997, Vincent & Neale 2000).
Indirect effects, such as the breakdown of DOM due to
UVR, might be viewed either as positive, as it may
result in an increase in nutrient supply, or negative,
because it may enhance water transparency and thus
the irradiance received by the cells (Williamson et al.
1996). A vast number of investigations have been particularly devoted to determining the impact of UVR
upon the photosynthetic process (see review of Villafañe et al. 2003), most of them stressing the reduction
of carbon uptake under high irradiances.
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In spite of the great effort put forward to evaluate
the impact of UVR upon phytoplankton photosynthesis, it is only relatively recently that photobiological
research has focused on the interactions of UVR with
other environmental factors. Mixing is one of such
factors that can alter the effects produced solely by
UVR, as phytoplanktonic cells are moved up and
down and are thus exposed to a fluctuating irradiance
regime from near surface irradiances to much lower
values at the bottom of the upper mixed layer (UML).
Mixing also conditions the mean UVR received by
cells and determines the residence time of phytoplankton within the ‘photoactive’ zone (Neale et al.
2003). Previous studies carried out by Helbling et al.
(1994) with Antarctic phytoplankton assemblages
have demonstrated that shallow mixing greatly
enhanced UVR-induced photosynthesis inhibition as
compared to samples from deep mixing conditions.
Neale et al. (1998) obtained similar results and further
demonstrated that the effects of mixing upon photosynthesis were far more significant than those produced by changes in column ozone concentrations.
Furthermore, the effects of variations of mixing rates
have been modeled by Neale et al. (1998), and they
concluded that fast mixing enhanced photoinhibition
in Antarctic phytoplankton assemblages. Finally, Barbieri et al. (2002), working with temperate phytoplankton, have shown that the impact of UVR
changed from negative to positive according to the
portion of the euphotic zone (Eu) that was being
mixed, so that with shallow mixing UVR reduced carbon fixation, whereas if ~90% of the Eu was being
mixed, UVR was used for photosynthesis.

The aim of this paper is to evaluate the combined
effects of solar UVR and mixing rates upon CO2 uptake
by coastal phytoplankton assemblages from waters off
SE China. Phytoplankton in this area is normally
exposed to high UVR conditions, not only because of
the low zenith angles and low total ozone column concentrations (Madronich 1993) but also because of the
downward trend in ozone concentration of ~6% during
the 11 yr solar cycle (Rozema et al. 2002), which brings
about enhanced levels of solar UVR, especially in the
UV-B (280 to 315 nm) region.

MATERIALS AND METHODS

During May 2002 we conducted studies in the South
China Sea (Fig. 1) to assess the interactive effects of
solar UVR and vertical mixing upon phytoplankton primary productivity. Surface water samples were collected daily from a boat (early in the morning) using a
clean (1 N HCl) polycarbonate carboy used in experiments as described below.
Experiments. In situ incubations: A total of 4 in situ experiments were conducted with samples incubated at
4 depths in the water column. Water samples were dispensed in 50 ml quartz tubes and inoculated with labeled radiocarbon to determine photosynthetic rates (see
‘Analyses and measurements’). At each depth, 3 radiation treatments were implemented (duplicate samples
for each treatment): (a) samples receiving full solar radiation (PAR + UVR), in uncovered quartz tubes; (b) samples receiving radiation > 320 nm, in tubes covered with
UV cut-off filter foil (Montagefolie, No. 10155099, Folex);
and (c) samples receiving only PAR, in
quartz tubes covered with Ultraphan film
(UV Opak, Digefra). The transmission
spectra of these filter foils have been published elsewhere (Figueroa et al. 1997).
The tubes were held horizontally in aluminum frames (i.e. parallel to the water
surface) and incubated for 3 to 4 h (centered on local noon) at 0, 0.6, 1.2 and 1.8 m
depth in the water column.
Simulated in situ experiments: These
experiments were carried out to determine UVR effects upon phytoplankton
photosynthesis when exposed to simulated mixing conditions (i.e. variable
irradiance field) and under maximum
radiation levels (i.e. the worst-case scenario). The tubes containing samples
were placed in a water bath with running surface seawater for temperature
control. Two different sets of experiFig. 1. Map of the South China Sea. Enlarged area is the Nan’Ao Island
ments were conducted using this set-up:
region, indicating the sampling and experimental site (j)
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(1) In variable irradiance experiments a device similar to that described in Helbling et al. (1994), consisting
of 1 fixed (static samples), and 1 rotating system (moving samples) was used. Both systems had various layers of neutral density screens that allowed attenuation
of incident radiation (from 100 to 6% in 5 discrete
steeps), thus approximately simulating the UVR field
received by cells in the top 2 m of the water column.
We are aware that this system does not mimic the differential attenuation of UVR and PAR in the water column, but it provides, nevertheless, very useful information to accomplish the objective of this paper. Water
samples were dispensed in 20 ml quartz tubes and
inoculated with labeled radiocarbon (see ‘Analyses
and measurements’). Each system had 2 radiation
treatments, with duplicate samples exposed to (a) full
solar radiation — PAR + UVR (uncovered quartz tubes),
and (b) PAR only (quartz tubes covered with Ultraphan
UV Opak Digefra film). The tubes in the fixed system
(i.e. static samples) received 100, 50, 25, 12.5 and 6%
of incident solar radiation during the whole incubation
period (3 to 4 h). At the beginning of each set of experiments, 2 tubes were wrapped in aluminum foil and
incubated to determine dark CO2 uptake (i.e. during 3
and 4 h, respectively). The turnover time of the wheel,
and thus that of the filters in the rotating system, was
obtained by using a step motor controlled by a microprocessor. The duration of each rotation (i.e. from 100
to 6 and back to 100% irradiance) varied from 10 to
120 min. Thus, since the experiments lasted 3 and 4 h,
the number of rotations also varied: for example, for a
turnover time of 10 min, phytoplankton ‘circulated’ 18
and 24 times, respectively. A total of 12 combined
experiments (i.e. fixed and rotating systems) were
performed.
(2) To assess the wavelength dependence of photosynthetic inhibition (i.e. biological weighting functions, BWFs), phytoplankton samples were placed in
50 ml quartz tubes and inoculated with labeled radiocarbon (see next subsection). The tubes (4 per treatment) were placed in a black aluminum frame under
6 radiation treatments: uncovered quartz tubes
(receiving both PAR and UVR), and quartz tubes covered with various Schott sharp cut-off filters (WG295,
WG305, WG320, WG360 and WG400 nm, the transmission spectra of these filters have been published in
Villafañe et al. 2003). The BWF-PI model (Neale &
Kieber 2000) was used to calculate the BWF in our
phytoplankton assemblages because the data indicated that the inhibition was a function of irradiance.
The photosynthetic inhibition for each wavelength
interval (i.e. carbon uptake in the tubes under each
Schott filter compared with the PAR-only control) over
the incubation period was expressed as a function of
the average irradiance. The irradiance between each
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filter interval was determined with STAR software
(Ruggaber et al. 1994, Dlugi et al. 1994) and with data
from the ELDONET sensor. Spectral dependence of
the BWF in broadband intervals was extracted using
the method of Rundel (1983). An exponential decay
function (Base 10) was used to fit the data in each
experiment, and the exponent of the function was
expressed as a third-degree polynomial function; the
best fit was obtained by iteration (the smallest R2
obtained was 0.95). Five different and independent
experiments were performed to determine BWFs, and
from these data a mean BWF was obtained.
Analyses and measurements. The analytical procedure for each determination/measurement was as follows: (1) Photosynthetic rates: Samples contained in
the quartz tubes were inoculated with 0.1 ml of 5 µCi
(0.185 MBq)-labeled sodium bicarbonate (ICN Radiochemicals). After incubation, the samples were filtered
onto a Whatman GF/F glass fiber filter (25 mm). Then,
the filters were placed in 20 ml scintillation vials,
exposed to HCl fumes overnight, dried, and counted
using standard liquid scintillation techniques (HolmHansen & Helbling 1995). (2) Chl a: This was measured
by filtering 1 to 2 l of water sample onto a Whatman
GF/F glass fiber filter (47 mm), followed by extraction
with absolute methanol for 2 h and subsequent determination of the optical density (OD) in a scanning
spectrophotometer (Shimadzu UV 2501-PC). Chl a
concentration was calculated using the equations of
Wellburn (1994). (3) Floristic analysis: Water samples
were taken daily and fixed with Lugol’s solution. The
quantitative analysis of phytoplankton cells was carried out using an inverted microscope (Utermöhl 1958).
The samples (10 ml) were settled for 24 h and counted
following the methodology described in Villafañe &
Reid (1995). (4) Radiation measurements: Incident
solar radiation was continuously measured using a filter radiometer (ELDONET, Real Time Computers)
(Häder et al. 1999). The instrument records irradiance
in 3 wavelength bands: UV-B (280 to 315 nm), UV-A
(315 to 400 nm), and PAR (400 to 700 nm), and also has
a temperature and depth channel. This profiling
instrument was also used to determine the underwater
radiation field.

RESULTS
A representative profile of the underwater radiation
field in our coastal sampling site near Nan’Ao Island is
shown in Fig. 2. Both UV-B and UV-A were rapidly
attenuated in the water column, with the 1% level of
surface irradiance found at 2.5 and 2.87 m, respectively. PAR penetrated much deeper, and the euphotic
zone (1% of surface PAR) was determined at 6.6 m
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Fig. 2. (A) Representative underwater radiation profile (UV-B, UV-A and
photosynthetically active radiation [PAR]) in the upper 10 m of the water column. Inset shows the attenuation coefficients (k) for these wavebands. (B)
Representative temperature profile for the upper 10 m of the water column

(Fig. 2A). Attenuation coefficients for PAR, UV-A and
UV-B were 0.7, 1.6 and 1.84 m–1, respectively. Water
temperature was rather constant down to ~4 m, and
below this depth the temperature decreased gradually
(Fig. 2B). During our study period the mean incident
UVR (EUVR) and PAR (EPAR) were 51 and 306 W m–2,
respectively, and the mean total ozone column concentration was 285 Dobson Units (data obtained from
http://jwocky.gsfc.nasa.gov/).
The in situ impact of solar radiation on carbon fixation per unit chl a per hour (i.e. the assimilation number) is shown in Fig. 3. The contribution of UV-B and
UV-A to the photosynthetic inhibition at the surface
was similar, and the mean inhibition by UVR was 24%.
Photosynthetic inhibition decreased with depth so that
no negative effects of UV-B or UV-A were observed at
1.2 m (i.e. optical depth of 0.84) where the irradiance
for these wavebands (EUVR) was approximately 6% of
that at the surface. Below this depth, the assimilation
numbers in the samples that were exposed to PAR +
UVR or PAR + UV-A were significantly higher than in
the samples exposed to PAR only (p < 0.05). There was
no significant difference (p > 0.05) between samples
exposed to UV-A or UVR at 1.8 m, suggesting that the
increase in carbon fixation per unit chl a was due to
UV-A radiation. Chl a concentration during the study
period varied from 1.7 to 3.1 µg l–1, 2.17 µg l–1 being the
mean value during the study period. Floristic analysis
of our samples revealed the dominance of the centric
diatoms Chaetoceros spp. and Skeletonema sp. (mean

effective cell diameter < 10 µm). Other
diatoms (e.g. Guinardia spp., Asterionellopsis sp., Rhizosolenia spp.) and dinoflagellates from the genera Ceratium, Protoperidinium and Noctiluca were also
present, but never accounted for a significant proportion of the total cell numbers,
as also occurred with monads and flagellates. The mean total cells during our
experiments were 738 cells ml–1.
Simulated in situ mixing within the UML
either enhanced or decreased carbon
fixation in cells exposed to solar UVR
(Fig. 4). Under fast mixing (1 complete
turn: 100 × 6 × 100% irradiance in less than
30 min), the samples that were exposed to
PAR + UVR had significantly higher (p <
0.05) integrated carbon fixation per unit
energy than those exposed only to PAR
(i.e. negative values in Fig. 4). With
increasing duration for each turn (i.e. slow
mixing), the inhibition of carbon fixation
due to UVR increased (i.e. positive values
in Fig. 4), and the differences between
PAR + UVR exposed and PAR-only

Fig. 3. Depth distribution of assimilation numbers (mg C mg
chl a–1 h–1) for samples exposed to photosynthetically active
radiation (PAR) + UV-A + UV-B, PAR + UV-A, and PAR only.
Horizontal bars represent SD
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Fig. 4. Inhibition of phytoplankton photosynthesis due to UV
radiation (UVR) as a function of circulation time within a simulated upper mixed layer (UML). Each point represents the
mean integrated (i.e. 6% irradiance) carbon fixation difference between samples exposed to UVR (PUVR) and those exposed only to photosynthetically active radiation (PAR) (PPAR).
Data were normalized by the mean irradiance (PAR) in the
UML (EUML) to account for variations in incident solar radiation. Negative values in the y-axis represent higher integrated carbon incorporation per unit energy of UVR in samples exposed to UVR. Experiments (n = 12) lasted 3 (open
symbols) or 4 h (solid symbols). Bars represent SD

exposed samples approached the integrated inhibition
values of the static samples. This response was observed in experiments that lasted 3 and 4 h (open
squares and filled circles, respectively, in Fig. 4).
Results from BWFs (Fig. 5) suggest a relatively low
impact of solar UVR in the tropical coastal phytoplankton assemblages from the SE China Sea, as compared
to phytoplankton from other environments such as the
tropical, high-altitude Lake Titicaca in Bolivia, and
Antarctica. This low vulnerability of phytoplankton
from the South China Sea was especially evident for
wavelengths > 300 nm, as the biological weights were
much lower than those in the other sites. However, at
shorter wavelengths, Antarctic assemblages seemed to
be more resistant than phytoplankton from our experiments.
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been considered an important factor that can also alter
CO2 uptake by phytoplankton. Moreover, from the
vast UVR literature, very few studies have concentrated on the interactive effects of UVR and mixing
when the cells are moving in the UML, thus exposed to
variable radiation regimes (Helbling et al. 1994, Neale
et al. 1998, Köhler et al. 2001, Barbieri et al. 2002). For
example, the studies of Helbling et al. (1994) and of
Neale et al. (1998) in Antarctica concluded that, compared to fixed-depth incubations, vertical mixing
reduced integrated primary productivity, with UVR
effects being more severe under rapid mixing conditions (Neale et al. 1998, 2003). The exposure response
of phytoplankton assemblages in these latter studies
was based on the dose received by the cells (i.e. with
no or very little repair) and thus, under rapid mixing,
cells were exposed more frequently to high radiation
levels, and consequently were more damaged.
Contrasting with these previous findings, we report
here that the productivity of tropical coastal phytoplankton assemblages increased when exposed to UVR
(i.e. mainly to UV-A) under simulated fast mixing conditions (Fig. 4). Based on the attenuation coefficients
used to estimate the depth of the 6% irradiance level
(i.e. bottom of our simulated mixing) we can visualize
2 extreme radiation-field scenarios under which the
cells were exposed. In the first case, and considering an
attenuation coefficient for UV-A (kUV-A) of 1.6 m–1, the
6% irradiance level would be found at ~1.8 m in the
water column (Fig. 2). In the second case, considering
an attenuation coefficient for PAR (kPAR) of 0.7 m–1, this
irradiance level would correspond to ~4 m depth
(Fig. 2). For the first option (i.e. mixing down to 1.8 m),

DISCUSSION
Since the early studies of Marra (1978) it was realized that phytoplankton production was affected by
mixing, with carbon uptake being higher in the samples moving within UML than those kept static in the
water column (i.e. static versus rotating incubations).
These studies, however, considered only the effects of
variable PAR regimes and did not address how fluctuating UVR might impact phytoplankton primary production. In fact, it is relatively recently that UVR has

Fig. 5. Mean biological weighting function ([mW m–2]–1) for
phytoplankton from South China Sea waters, Nan’Ao area.
Thin lines indicate 95% confidence limit. Biological weighting functions (BWFs) for natural populations of Antarctic
(from Neale et al. 1994) and Lake Titicaca phytoplankton
(Helbling et al. 2001a) are shown as comparisons
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the PAR level in the water column would be higher
than that used in our simulated in situ experiments (i.e.
28% vs 6%, respectively), whereas when using the
simulated mixing depth of 4 m (i.e. based on kPAR), the
UVR energy received by the cells in the simulated in
situ experiments would be higher than that in the water
column. In our study, however, we found the fact rather
surprising that during the in situ experiments (Fig. 3),
phytoplankton at 1.8 m depth were already using UV-A
energy, in spite of the high irradiances normally received in this tropical environment. One can speculate
that because of these high irradiances our phytoplankton assemblages were acclimated to high levels of solar
radiation, leading to light-adapted cells with high optimal irradiance (Ik). In any of these ‘methodological
extremes’, our data clearly indicate that coastal phytoplankton assemblages, as with those used in our experiments, did utilize solar UV-A for photosynthesis (Fig. 3)
when exposed to fast simulated mixing (Fig. 4). However, and based on the temperature profile (Fig. 2B),
the second scenario would be more likely (i.e. with cells
moving down to 4 m). The use of UV-A in photosynthesis is in agreement with studies that determined the action spectra for chl a fluorescence together with oxygen
evolution (e.g. Neori et al. 1986, 1988), although these
studies did not consider the fluctuating radiation
regime in the UML. Field studies in a temperate marine
environment (e.g. Barbieri et al. 2002) also showed an
increase in carbon uptake for samples exposed to UVA,
and this was associated to the fact that low PAR levels,
as occurring during winter, did not provide enough
energy for photosynthesis.
Results from in situ incubations (Fig. 3), as well as
from the BWF (Fig. 5), show the relative resistance to
UVR of these tropical assemblages as compared to
other environments. For example, phytoplankton from
Antarctica, which is normally exposed to relatively low
irradiances but is affected by ozone depletion events
(Smith et al. 1992, Neale et al. 1998), is in general more
sensitive to UVR than that from tropical sites, such as
from Lake Titicaca (Villafañe et al. 1999, Helbling et al.
2001a) and reported here in our experiments in South
China Sea waters. Moreover, the coastal assemblages
off SE China waters are more resistant to UVR than
those from the high-altitude Lake Titicaca. In addition,
the results of static incubations (Fig. 3) showed that
only a small portion of the euphotic zone would be
affected by UVR (i.e. the upper 0.84 optical depth: 1.2
m), in contrast with findings from Subantarctic sites,
such as Beagle Channel (Villafañe et al. 2001) and
Lake Titicaca (Helbling et al. 2001a), where UVR can
negatively affect as much as 3 and 1.2 optical depths,
respectively.
The high resistance to UVR of the coastal phytoplankton assemblages from South China Sea waters is

probably related to 2 main factors: first, their evolutionary light history allows cells to be naturally (e.g.
genetically) acclimated to high radiation fluxes (Helbling et al. 1992) leading to low damage rates (Boelen
et al. 2000, Helbling et al. 2001a); second, more effective mechanisms of acclimation and repair may take
place in tropical sites. Although in Antarctic phytoplankton assemblages the presence of UV-absorbing
compounds, such as mycosporine-like aminoacids
(MAAs; Karentz et al. 1991b, Vernet et al. 1994, Helbling et al. 1996), has been proved, their protection
role against UVR is sometimes partial or even uncertain for small cells such as those encountered in the
tropical sites (Garcia-Pichel 1994). Indeed, repair
mechanisms of DNA damage seem to be a common
strategy in many aquatic environments to reduce the
impact of UVR (Banaszak 2003). For example, studies
carried out in Lake Titicaca have already demonstrated the importance of this process (Helbling et al.
2001a), with the presence of MAAs almost null in
phytoplankton samples (Villafañe et al. 1999), as also
seen in our experiments in China (data not shown). In
fact, here we have determined that under experimental fast mixing conditions such as those imposed on our
phytoplankton assemblages, cells will have more frequent periods of being exposed to low/high irradiances (i.e. rotating within the UML), probably providing favorable conditions to repair any DNA damage
produced by UVR. The high frequency of low irradiance periods would thus allow repair to overcome
damage rates. This would be especially important for
our assemblages dominated by relatively small cells
(<10 µm), which are known to be vulnerable to DNA
damage produced by UV-B (Boelen et al. 2000, Buma
et al. 2001). The size distribution of cells, in addition,
would also explain the relatively high resistance of our
tropical assemblages, as it is known that although
small cells are more susceptible to DNA damage, they
are more resistant to photosynthesis inhibition (Buma
et al. 2001, Helbling et al. 2001b). This uncoupling is
thought to be related to the fact that different targets
(i.e. the DNA and photosynthetic apparatus) are
affected by UVR in different ways (Helbling et al.
2001b).
In this study we have demonstrated that fast mixing
favors phytoplankton assemblages when exposed to
UVR. As tropical environments have a relatively stable
UML (Kara et al. 2000) dynamic (i.e. reversible), as
opposed to chronic, inhibition seems to take place, and
fast rotation minimizes the negative impact of UVR
and even benefits the cells. Also, these favorable mixing conditions allow cells to overcome UVR-induced
DNA damage produced under high radiation conditions. Thus, we conclude that the interaction of fast
mixing and high-level solar UVR in these tropical
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coastal environments might result in higher integrated
productivity than previously thought. Therefore, the
application of models constructed with data obtained
from other areas of the world can probably not be
applied directly to tropical phytoplankton, and thus,
modeling efforts should take into account these differential responses of organisms when considering the
interactive effects of UVR and mixing.
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