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 Chapter 3
Annual patterns of ultraviolet radiation effects on temperate marine phytoplankton
off Patagonia, Argentina

Villafañe VE, Barbieri ES, Helbling EW

ABSTRACT

We carried out experiments to evaluate the effects of solar ultraviolet radiation (UVR; 280-400 nm)
upon primary production of different natural phytoplankton assemblages (i.e.    characteristic
of a seasonal cycle) from Patagonia (Argentina) from January 2001 to     January 2002.  The
short-term impact of UVR (i.e. measured as radiocarbon incorporation) was assessed by
exposing samples to solar radiation under six radiation treatments: uncovered quartz tubes
and tubes covered with different cut-off Schott filters (WG295, WG305, WG320, WG360),
and Plexiglas UF-3 (cut-off at 400 nm), so that samples received radiation at five different
intervals within the UVR in addition to photosynthetically active radiation (PAR), and only
PAR, respectively.  Phytoplankton composition and abundance allowed us to    differentiate
pre-bloom, bloom, and post-bloom periods, with pre- and post-bloom samples characterized
by small cells (e.g., flagellates < 10 µm) whereas the bloom was dominated by large
diatoms (~50µm).  Absolute values of photosynthesis inhibition were lower during the
bloom, but biological weighting functions (i.e., inhibition per unit energy), indicated that
this assemblage was more sensitive to UVR (especially in the UV-B region, 280-320 nm)
than those of pre- and post-bloom periods.  UV-A radiation (320-400 nm) accounted for
most of the reduction in carbon incorporation (> 60%), especially during the pre- and post-
bloom periods.  Most of the observed variability was inter-seasonal although small
intra-seasonal fluctuations were also observed.  Our results indicate that the taxonomic
composition and cellular size are especially important when addressing UVR effects upon
these assemblages.  However, other factors such as mixing can also contribute to the
variability in responses to UVR.

INTRODUCTION

Over the past two decades, we have learned much about the effects of ultraviolet radiation
(UVR; 280-400 nm) upon phytoplankton (Vernet 2000) especially in relation to the
photosynthesis process (Villafañe et al. 2003 and references therein).  The large amount of
literature available at present, however, reports a wide variability in responses, ranging from
strong inhibition, generally due to UV-A (315-400 nm) (Holm-Hansen et al. 1993b, Villafañe
et al. 1999), to little or no inhibition when samples are exposed to the very energetic UV-B
wavelengths (280-315 nm) (Helbling et al. 1992b), to photosynthesis stimulation under
relatively low UVR levels (Nilawati et al. 1997, Barbieri et al. 2002).  The reasons behind
this variability in responses to UVR are, on one hand, associated with the fact that sensitivity
and acclimation capacity to UVR are species – specific (Roy 2000, Vernet 2000).  On the
other hand, environmental changes such as those occurring in the UVR climate (i.e. seasonal
or produced by ozone depletion events) (Blumthaler & Webb 2003), as well as in other
abiotic factors, i.e. nutrient availability or temperature (Lesser 1996, Litchman et al. 2002)
may account for much of the observed variability in UVR responses of phytoplankton.
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Literature on the temporal variability of UVR effects upon natural phytoplankton is rather
scarce, as it involves routine sampling throughout the plankton succession when organisms
are exposed to different UVR scenarios.  However, this information on differential responses
to UVR of natural phytoplankton communities is essential to fully understand its impact
upon primary productivity from a specific area.  In particular, these data are especially
important for our study region on the Patagonia coast, where a high standing stock of
commercial fish and invertebrate species, e.g. hake and shrimp is sustained (Caille et al.
1997).  Here we evaluate short-term responses of different temperate phytoplankton
communities –those found during the yearly annual succession – when exposed to natural
UVR levels.  The study site in Patagonia (Argentina) has been chosen because of its large
seasonal variability in chemical and physical characteristics (Helbling et al. 1992a), as well
as in phytoplankton taxonomic composition and concentration (Villafañe et al. 1991, Barbieri
et al. 2002).  Moreover, the study area also is exposed to a variable UVR climate not only
due to changes in solar zenith angles, but also because of changes in ozone concentrations
(Orce & Hebling 1997, Villafañe et al. 2001), thus making it possible to evaluate and analyze
the wide seasonal variations of UVR effects upon natural phytoplankton communities.  In
addition, our study provides new knowledge about the effects of solar UVR upon natural
phytoplankton communities from the South Atlantic Ocean, where photobiological research
in this regard has recently started (Buma et al. 2001b, Helbling et al. 2001a, Barbieri et al.
2002).

METHOD

This study was conducted at Bahía Engaño, Chubut, Argentina (43º S, 65º W) (Fig. 1), for
the period January 2001 to January 2002.  The study site is located in close proximity to the
Chubut River estuary, where descriptive studies about the geomorphology (Perillo et al.
1989) and biological and chemical characteristics (Villafañe et al. 1991, Helbling et al.
1992a) have been conducted.  To evaluate the annual patterns of UVR effects upon
phytoplankton photosynthesis, routine sampling for experimentation was carried out every
7-20 days at a coastal station denoted EGI (Barbieri et al. 2002), throughout the year.  Surface
water samples were collected using an acid-cleaned (1N HCl) polycarbonate bottle and
immediately taken to Estación de Fotobiología Playa Unión (EFPU; 10 min away from the
sampling site), where experiments were carried out as described below.

Figure 1: Map showing the study
area and the relative position
of the Chubut Province in
South America.
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To determine the effects of solar UVR upon phytoplankton photosynthetic rates, samples
were placed in 50 ml quartz tubes and inoculated with 5 µCi (0.185 MBq) of labeled     sodium
bicarbonate (Steeman Nielsen 1952).  The tubes were then placed in a black aluminum
frame and exposed to solar radiation under six different radiation treatments (duplicate
samples for each treatment): Uncovered quartz tubes and tubes covered with different
cut-off Schott filters (WG295, WG305, WG320, WG360), and Plexiglas UF-3 (cut-off at
400 nm), so that samples received radiation at five different intervals within the UVR in
addition to photosynthetically active radiation (PAR), and only PAR, respectively (the transmission
characteristics of filters and materials are reported in Villafañe et al. (2003)).  The whole
set-up with the samples was placed in a water bath, with running water as temperature
control (< 2 °C change), incubated for 4 – 6 h (with the incubation centered on local noon)
and then filtered onto Whatman GF/F filters (25 mm in diameter).  The filters containing
the samples were exposed to HCl fumes overnight, dried and counted using a liquid scintillation
counter; carbon incorporation was then determined from c.p.m. values (Holm-Hansen &
Helbling 1995).
The relative inhibition due to UVR was calculated as follows:

Inh = (PPAR – PUVx) / PPAR

where P represents the amount of carbon fixed in the PAR-only treatment whereas PUVx
represents the carbon fixation in any of the five UVR treatments.  Photosynthetic inhibition
was expressed indistinctly as stated above or as % (after multiplying the inhibition value by
100).  The total relative inhibition due to UVR and UV-A was calculated from the data in
the uncovered quartz tubes and the tubes covered with the WG320 filter, respectively; then,
the inhibition due to UV-B was calculated as the difference between these data.  A non-parametric
Kruskal Wallis test was used to test for significant differences between the samples at various
radiation treatments, using a 95 % confidence limit.
To determine the wavelength dependence of photosynthesis inhibition, biological weighting
functions (BWFs) were calculated using an exposure-response curve based on the irradiance
- BWF-PI model (Neale & Kieber 2000).  The photosynthetic inhibition for each wave-
length interval (i.e. carbon uptake in each UVR treatment as compared to the PAR-only
control) over the incubation period was expressed as a function of the average irradiance in
the considered interval.  The irradiance between each filter interval was determined with
the STAR software (Ruggaber et al. 1994) and with data from the ELDONET sensor.  The
spectral dependence of the BWF in the 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 (r2 > 0.95).  At least six different and
independent experiments were carried out during each phytoplankton condition (i.e. pre-bloom,
bloom and post-bloom) to determine the mean BWFs.
Chlorophyll (chl a) analyses were done by filtering 100 ml of sample onto a Whatman GF/F
filter (25 mm in diameter) and the photosynthetic pigments extracted in 7 ml of absolute
methanol during at least 1 h (Holm-Hansen & Riemann 1978).  The chl a concentration was
calculated from the fluorescence of the extract (Holm-Hansen et al. 1965) using a Turner
Designs fluorometer (model TD 700).  Chl a analyses in the pico-nanoplankton fraction was
performed as described before, but pre-filtering the sample with a Nitex® mesh (20 µm pore size).
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In addition, samples for identification and enumeration of phytoplankton were also taken and
placed in 125 ml brown bottles and fixed with buffered formalin (final concentration of 0.4%
in the sample); after settling 10-25 ml of sample, they were analyzed with an inverted micro-
scope (Leica model DM IL) following the technique described in Villafañe & Reid (1995).
Incident solar radiation was measured continuously using a broad band ELDONET radiometer
(Real Time Computers Inc.) that measures UV-B (280-315 nm), UV-A (315-400 nm) and
PAR (400-700 nm) with a frequency of one reading per minute.  In addition, continuous
monitoring of other atmospheric parameters (i.e. temperature, humidity, wind speed and
direction, barometric pressure and rain) was carried out from July 2001 using a meteorological
station (Oregon Scientific model WMR-918).

RESULTS

The annual pattern of atmospheric parameters – i.e. incident solar radiation, surface
temperature and wind speed, over the study area is shown in Fig. 2.
Incident solar radiation had a high day-to-day variability due to changes in cloud cover (Fig.
2A).  Daily doses of PAR varied between 14 MJ m-2 and 1 MJ m-2 for summer and winter,

Figure 2: Annual cycle of atmospheric con-
ditions in the study area. A) Daily
doses of solar radiation (in kJ m-2) for
three wavebands:     UV-B (280-315
nm), UV-A   (315-400 nm) and PAR
(400-700 nm).  Note that UV-B and
UV-A values were multiplied by a
factor of 100 and 5, respectively; B)
Mean daily temperature (°C); C)
Mean seasonal frequency of wind
speed (min).  Data from B) and C)
correspond to the period 2001 – 2002.
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respectively (Fig. 2A).  Daily doses of UVR had a similar pattern, with high values during
summer and low ones during winter, with UV-A ranging from ~ 2000 to 150 KJ m-2, whereas
UV-B varied from ~ 45 to 5 KJ m-2 (Fig. 2A).  Mean daily surface temperature presented a
similar trend, with values as high as 31 °C during January-February and low during winter
time, i.e. minimum values of -3 °C in June (Fig. 2B).  Wind speed had a high variability and
the maximum frequency was in the interval of 12 -16 km h-1 for all seasons.  The windy season
(i.e. with the highest wind speeds) was determined mainly during spring and to a lesser extent
in summer, with values as high as 88 km h-1 (Fig. 2C).  During this period, predominant winds
were from the west.

Phytoplankton abundance, as estimated by chl a concentrations, also varied seasonally (Fig.
3A), with high values (~ 100 mg chl a m-3) during winter (except during July), and low
values during summer (< 5 mg chl a m-3), with the exception of a small peak of ~20 mg chl
a m-3 in mid-February.  Samples collected during winter (i.e. the bloom period) were dominated
by microplanktonic cells (> 20 µm), whereas samples with low chl a concentration (i.e. the
pre- and post-bloom periods) were dominated by pico-nanoplanktonic cells (< 20 µm).
Floristic analysis (Fig. 3B) revealed a general pattern of diatom - dominated microplanktonic
populations, reaching values as high as 4 x 103 cells ml-1 during the winter bloom, with the
diatom Odontella aurita being the dominant species.  During the pre-bloom, when
dinoflagellates presented their highest numbers for the entire study period (maximum
of ~ 60 cells ml-1), samples were always dominated by unidentified monads and flagellates
(total cell numbers of ~0.5-3 x 103 cells ml-1) (Fig. 3B).  The taxonomic composition of the
dinoflagellate community during the pre-bloom was characterized mostly by the presence
of armored species (e.g. Prorocentrum micans, Alexandrium tamarense, Protoperidinium
sp.) as well as diverse cysts (e.g. of the toxic A. tamarense).  After the winter bloom, the
samples were generally dominated by unidentified monads and flagellates (Fig. 3B),
although small diatoms of the genus Thalassiosira were relatively abundant during spring
and early summer.
High variability throughout the year of daily carbon fixation rates also characterized the
study area (Fig. 4A).  The highest carbon fixation value (i.e. 1.6 g C m-3 day-1) was
determined during the bloom period, whereas low values (i.e. < 0.1 g C m-3 day-1) were
obtained during late spring and early summer.  Inhibition of photosynthesis by UVR was
determined in all experiments, being maximal (i.e. 60 %) during late spring (Fig. 4A).  The
relative contribution of UV-A and UV-B to the total photosynthetic inhibition varied throughout
the year, especially during the pre-bloom period (Fig. 4B).  In most cases though, UV-A
was responsible for most of the observed inhibition, except for two samples at the end of the
experimental period, when UV-B – induced inhibition was > 60% (Fig. 4B).
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Figure 4: A) Daily carbon fixa-
tion (in g C m-3 day-1; solid
lines) and percentage of in-
hibition by UVR    (broken
lines) throughout the study
period for        samples ex-
posed to PAR and
PAR+UVR; B) Relative con-
tribution of UV-A (    ) and
UV-B (    ) to the total inhibi-
tion of primary      produc-
tion.

Figure 3: Phytoplankton biomass
(estimated by chl a concentration)
and composition throughout
the study period.  A) Total chl
a concentration (in mg chl a
m-3) and percentage of chl a
in the nanoplankton fraction
(<20 µm); B) Phytoplankton
cell concentration (in cells
ml-1) for diatoms, flagellates
and dinoflagellates; note the
different scale (y-axis) and
units for dinoflagellate
concentration.
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A mean BWF was calculated for the pre-bloom, bloom, and post-bloom periods (Fig. 5).

Figure 5: Mean biological
weighting functions for
pre-bloom, bloom and
post-bloom samples.
The thin lines indicate
one standard deviation.

There were significant differences (see Method for statistical analyses) in the UV-B sensitivity,
per unit energy received by the cells, of the phytoplankton samples from the three periods.
The biological weights [(mW m-2) -1] for wavelengths < 320 nm were significantly higher (p
< 0.05) in bloom samples, suggesting a higher sensitivity of this assemblage as compared to
those of the pre- and post-bloom.  The biological weights for wavelength in the UV-A,
however, were not significantly different (p > 0.05) between the three conditions (i.e.
pre-bloom, bloom, and post-bloom), suggesting a similar response to these wavelengths
throughout the year.

DISCUSSION

Many studies have demonstrated the role of solar radiation, especially UVR, in affecting
phytoplankton photosynthesis (Villafañe et al. 2003) and hence the overall production of aquatic
ecosystems.  Most of them, however, have determined these effects within seasons and / or
during relatively short periods of time (i.e., during few days or weeks), but only very few have
considered the responses of variable communities (i.e. such as those occurring during the
plankton succession) to natural radiation levels.  In this paper we present data on the effects of
solar UVR upon natural phytoplankton communities from Patagonia (i.e. south Atlantic Ocean)
when exposed to maximum solar radiation levels as if they were at the surface of the water
column (i.e. the worst-case scenario).  This information constitutes a single database to: (i)
assess the effects of UVR on primary production throughout the year (i.e. with samples
exposed to their natural radiation levels); (ii) compare responses of samples that had different
light history and acclimation capacity; and (iii) predict and further model the impact of solar
UVR upon higher trophic levels of the local aquatic food web.
Previous studies assessing the impact of UVR upon natural phytoplankton assemblages of
Chesapeake Bay (Banaszak & Neale 2001) have determined no significant inter-seasonal
differences in the responses to UVR.  However, a significant intra-seasonal variability in
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sensitivity was observed when species were exposed to similar artificial UVR conditions, probably
as a result of changes in species composition, light, temperature and nutrient availability. Contrary
to these findings, here we report a significant inter-seasonal variability in UVR effects,
although small fluctuations are also found in the intra-seasonal scale.  The ‘seasons’ are    defined
here in relation to three main periods of the phytoplankton seasonal cycle (pre-bloom, bloom and
post bloom), each one characterized by different taxonomic composition and abundance (Fig. 3) as
well as by specific UVR responses (Figs. 4, 5).  In the following paragraphs, we will discuss
the main causes of such variability and analyze the overall impact of natural UVR upon
primary productivity of this ecosystem of the Patagonia area.
We have determined a general trend of low photosynthetic inhibition values when irradiance
levels were low, i.e. during the winter period (Figs. 2A, 4A).  However, when considering the
absolute carbon fixation and inhibition values (as above) together with the energy received
during the experimentation (e.g. BWFs), it is seen that winter bloom cells are indeed more
sensitive to UVR than the pre- and post bloom assemblages, especially in the UV-B region
(Fig. 5).  Thus, the total reduction of carbon incorporation of bloom cells was low just because
solar radiation levels during winter were very low (Fig. 2B).  On the other hand, pre- and post
bloom assemblages (Fig. 3A) presented generally higher inhibition values (Fig. 4A) because
of the high radiation levels (Fig. 2A), but the cells were more resistant to UVR than those
characterizing the bloom (Fig. 5).
In view of the marked differences between the three main assemblages of the seasonal
cycle, we analyzed whether the observed responses to UVR were related to cell size, or to
the taxonomic composition of the community.  It is seen that bloom assemblages were
dominated by microplanktonic cells, whereas pre- and post bloom they were dominated by
small cells (Fig. 3A).  In fact, the cellular size dependence of UVR-induced inhibition has
been the focus of several photobiological studies (Laurion & Vincent 1998, Helbling et al.
2001b).  These studies have shown that although there is variability in responses, when
addressing photosynthetic inhibition, small cells are more resistant to UVR than large cells,
perhaps because they have fast acclimation kinetics due to their high surface to volume
ratio.  One should aware though that pico- nanoplanktonic cells are generally more vulnerable
to DNA damage than to photosynthetic inhibition, as determined in studies carried out by
Buma et al. (2001b) and Helbling et al. (2001a) in a nearby area of our study site. Thus,
different targets for UVR damage are found in phytoplanktonic cells.
However, when addressing the size dependence of UVR responses, it should be noted that
microplankton (especially centric diatoms) are more commonly synthesizers of UV-absorbing
compounds such as mycosporine like amino acids (MAAs) (Helbling et al. 1996a); small
cells, on the other hand, usually do not contain such compounds due to the energy cost that
their synthesis would imply (Garcia Pichel 1994).  The protective role of MAAs has been
determined in studies carried out with both phytoplankton (Neale et al. 1998a) and
zooplankton (Helbling et al. 2002).  In our study, though, we did not determine significant
amounts of these compounds in any of the communities sampled (data not shown), but we
are aware that the methodology used in this study to determine their concentration (i.e.
spectrophotometric) is not as sensitive as HPLC techniques.  Future studies should fully
address the importance of this and other alternative mechanisms (e.g. DNA repair or
dynamic rather than chronic inhibition of photosynthesis) that allow phytoplankton species
of the Patagonia region to minimize UVR effects.
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Another interesting aspect of the UVR effects refers to the relative contribution of UV-A
and UV-B to the total photosynthetic inhibition.  In our phytoplankton assemblages, the
contribution of UV-A was generally higher than that of UV-B (Fig. 4B) as also seen in
many other aquatic environments, ranging from polar (e.g. Holm-Hansen et al. 1993a, b) to
tropical areas (e.g. Villafañe et al. 1999).  This is generally attributed to the fact that the
amount of UV-A energy that reaches the Earth’s surface is much higher than that in the
UV-B region.  In spite of this, we have found in our study some periods in which the
relative inhibition due to UV-B and UV-A was rather similar, or even with UV-B surpassing
that of UV-A (Fig. 4B).  In this case, especially during the pre-bloom, the increase of the
relative UV-B–induced inhibition (Fig. 4B) was associated with the dominance of small
nanoplanktonic flagellates (Fig. 3B).  During the bloom and post-bloom, on the other hand,
the increase in UV-B–induced inhibition of photosynthesis was associated with a relative
increase of flagellates which occurred together with the large diatoms (Fig. 3B).  This
obviously hints at a taxonomic dependence on UVR effects where flagellates account for
much of the observed UV-B inhibition.  In fact, studies have demonstrated the relatively
high sensitivity of these small cells to UVR (Villafañe et al. 1995b).  We do not know,
however, what the reasons are for such “pulses” of variable relative abundance of
pico-nanoplanktonic cells, but changes in nutrients input, as normally occur in the area
(Helbling et al. 1992a), might account for part of this variability.
Finally, other factors could account for much of the variability in UVR responses of phytoplankton
of this region.  For example Barbieri et al. (2002), who carried out experimental work in our
study area, have shown the importance of mixing in affecting the overall responses to UVR
of different phytoplankton communities.  These mixing experiments have shown that bloom
assemblages use UV-A energy for photosynthesis when PAR levels are low, suggesting a
dark acclimation and hence explaining the fact that small amounts of UV-B energy such as
those observed during winter and early spring (Fig. 2A), had a negative impact on
phytoplankton photosynthesis (Fig. 4B).  Deep mixing in the study area, resulting from
strong winds during spring and summer (Fig. 2C) precludes large cells from blooming
during these periods, resulting in an increase of flagellates that can better utilize solar    energy
under such conditions (Helbling et al. 1994).  Instead, low irradiance levels and shallow
mixing (Fig. 2) characterizing the winter period favor the development of large phytoplankton
cells, as also seen in the past in the study area (Villafañe et al. 1991, Barbieri et al. 2002) as
well as in other coastal areas of Argentina (Gayoso 1999).
In view of our findings, we conclude that several factors account for the overall responses
of phytoplankton assemblages to solar UVR and they can be summarized as follows: (i)
The irradiance levels at which cells are exposed as well as their previous light history; (ii)
their cell size structure, which regulates the effectiveness of solar energy utilization; and
(iii) the taxonomic composition of the communities.  In addition, other factors such as
variations in mixing conditions can interact with solar radiation, affecting not only the
underwater radiation field, but also the occurrence of taxonomic groups in the water column.
Finally, and although it is difficult to predict the overall impact of UVR upon the productivity
of the area, our data suggest that it would be much lower than in other regions of Patagonia,
such as the sub- Antarctic (i.e. Beagle Channel) or the Andean lakes (Villafañe et al. 2001)
as the bloom occurs during winter, and only its decline period (i.e. September-October)
would potentially receive enhanced levels of solar UV-B radiation.
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