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Chapter 1
General introduction: Solar ultraviolet radiation and its impact on aquatic systems
of Patagonia, South America

Villafañe VE, Helbling EW, Zagarese HE

ABSTRACT

Solar ultraviolet radiation (UVR, 280-400 nm) is known to cause a number of detrimental
effects in aquatic organisms.  The area of Patagonia, which is sometimes under the influence
of the Antarctic ozone “hole”, occasionally receives enhanced levels of ultraviolet B radiation
(UV-B, 280-315 nm).  Great efforts have been put into creating a database for UVR
climatology by installing a variety of instruments in several localities in the region.  However,
no comparable effort has been made to determine the impact of normal and enhanced levels of
solar UVR upon organisms.  Most of the photobiological research in aquatic systems of
Patagonia has focused on determining the effects of solar UVR in phytoplankton
photosynthesis, DNA damage, and mortality, fecundity and repair mechanisms in zooplanktonic
species.  Some work has also been done with fish larvae and interactions between species at
low trophic levels of the aquatic food web.  The results of these studies indicate that in order
to assess the overall impact of UVR in a certain waterbody, it is also necessary to consider
other variables, such as changes in cloudiness, ozone concentrations, differential sensitivity
of organisms, and depth of the upper mixed layer / epilimnion, all factors that can preclude or
benefit the acclimation of species to solar radiation.

INTRODUCTION

Stratospheric ozone depletion, e.g., the ozone “hole”, with the concomitant increase of the
most energetic and potentially damaging daylight component UV-B, 280-315 nm (Madronich
1993), is a cause of great concern in the scientific community.  Consequently, many studies
carried out during the last decade (1900 – 2000) have focused on determining ozone
concentrations (Madronich 1993, Kirchhoff et al. 1997a, b), solar ultraviolet (UVR, 280-400
nm) fluxes reaching the Earth’s surface (Madronich 1993, Booth et al. 1994, Frederick et al.
1993, 1994), and effects upon various organisms (e.g., Young et al. 1993, Weiler & Penhale
1994, Figueroa et al. 1996, De Mora et al. 2000).  In addition to the enhanced solar UV-B
radiation caused by the stratospheric ozone depletion, it has now been recognized that normal
solar UVR can also cause stress.  In fact, aquatic organisms are very sensitive to ambient
levels of UVR.  The deleterious effects produced by the short wavelength components of the
solar spectrum include, among others, damage to the genetic material – DNA, inhibition of
photosynthetic rates, increased rates of mortality, inhibition of growth rates and changes in
motility (Holm-Hansen et al. 1993a, Cullen & Neale 1994, Buma et al. 1995, Häder et al.
1995, Shick et al. 1996, Sommaruga et al. 1996, Kiffney et al. 1997b).
The Patagonia region, located at the southern tip of South America, includes part of Argentina
and Chile (Fig. 1), has two large cities (Punta Arenas, Chile, 53°S, 70.9°W, and Ushuaia,
Argentina, 54.5°S, 68° W) and some other less dense populations in close proximity to
Antarctica, and may occasionally be under the direct influence of the ozone “hole”.  Several
institutions have concentrated on determining ozone column concentrations and measuring
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incident solar radiation over this area.  However, it is surprising that no comparable efforts
have been devoted to evaluating and understanding the biological effects of normal and
enhanced levels of solar UVR.  In fact, at present, very few research groups are carrying out
activities in relation to the impact of solar radiation on the biota of Patagonia.
The aquatic environments of Patagonia present a very interesting scenario that would warrant this
type of photobiological studies, for several reasons.  First, the area is occasionally under the
influence of the Antarctic polar vortex, thus receiving enhanced levels of UV-B radiation for
some periods.  Second, there is a great variability in cloudiness, from high cover in the Andes
and sub-Antarctic regions, to the relatively clear skies on the mid latitude Atlantic coast (Lubin
& Jensen 1995, Helbling et al. 1998) thus creating a range of environments with very different
UVR climatology.  Third, there is a great variability in the nature, and bio-optical characteristics
of waterbodies, including the upwelling deep waters in the Pacific, the shallow and very
productive Atlantic waters, and a large number of lakes from the Andes to both oceans.  Finally,
wind speed is rather high for most part of the year in the Patagonia region (mean of 32 km h-1

during spring and summer) (Baigún & Marinone 1995) conditioning the depth of the upper
mixed layer / epilimnion in the water column and hence the underwater radiation field.
Due to the substantial differences and associated complexity in terrestrial and aquatic ecosystems,
we review only existing data on the effects of UVR upon various waterbodies of Patagonia, as
well as data on ozone and solar radiation measurements carried out in this area.  We are aware,
though, that some groups have carried out research activities in Patagonia in relation to the
effects of solar radiation on terrestrial plants (Rousseaux et al. 1998, Searles et al. 1999), as well
as to physiological aspects of human beings (Ladizesky et al. 1995).

MEASUREMENTS OF OZONE AND SOLAR ULTRAVIOLET RADIATION

Atmospheric conditions

In order to develop a database for the UVR climatology in the Patagonia region, a number of
instruments have been installed at different locations (Fig. 1, Table 1), with some of them integrated
in networks.  The instruments range from the sophisticated, high-resolution scanning
spectroradiometers (SUV-100, Biospherical Instruments Inc.) from the NSF/USAP-UV
Monitoring Network, to the low cost, easy manipulation DOAS detectors.  In between, there are
narrow band (e.g., GUV-510 and GUV-511, Biospherical Instruments Inc.), and broad band
radiometers (e.g., ELDONET sensors, Real Time Computers Inc.).  This variety of
instruments, which complement each other with the information they provide, has improved
our understanding of the dynamics of the ozone “hole” over Patagonia.  However, some
difficulties have arisen in comparing data from different sites; nevertheless, it is possible to
outline general characteristics of the UVR climatology and ozone conditions over this area.
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Figure 1: Map of Patagonia showing the location sites of instruments collecting data on incident solar
radiation.

Table 1:  Instruments recording incident solar radiation in Patagonia.

Instruments Type of data Locations in Patagonia

SUV-100 scanning
spectroradiometers
(Biospherical Instruments Inc.)

Spectral scans hourly in the
range 280-620 nm.

Ushuaia (Argentina)
Valdivia (Chile)

GUV-510 and 511 radiometer
(Biospherical Instruments Inc.)

Measurements at 305, 320, 340,
380 nm and PAR (400-700 nm).

Trelew, Bariloche and
Ushuaia (Argentina)
Valdivia (Chile)

DOAS – UV-B detectors Data at two channels centered at
300 nm and 313 nm.

Río Grande, Bariloche
(Argentina)
Punta Arenas (Chile)

ELDONET radiometer (Real
Time Computers Inc.)

Broad bands for UV-B (280-315
nm), UV-A (315-400 nm) and
PAR (400-700 nm)

Playa Unión (Argentina)

Brewer MK-IV
spectrophotometer

Specific wavelengths in the UV-
B region: 306.3, 310.0, 313.4,
316.7, and 319.9 nm.

Ushuaia (Argentina)
Punta Arenas (Chile)

UV-Biometer (Solar Light Co.) Erythema dosis Punta Arenas, Puerto
Natales, Porvenir and
Puerto Williams (Chile)

In agreement with model outputs (Holm-Hansen et al. 1993a, Madronich 1993), data     ob-
tained by the UVR -PAR Argentinean Monitoring Network (Orce & Helbling 1997, Orce et
al. 1997) indicate that solar UV-B irradiance increases steadily from south to north, with  a
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marked day-to-day variability.  Measurements of UV-A and PAR irradiances also showed a
south to north increase with significant variability due to cloud cover.  The integrated daily
values were high at mid-latitudes (summer values of 1500 KJ m-2 for UV-A – 315-400               nm-
and 90 KJ m-2 for UV-B), due to a combination of relatively high irradiances and long day-light
periods (Orce & Helbling 1997).  The daily variability observed in the data has two main
causes.  First, cloudiness plays the most important role in the determination of ambient solar
radiation levels reaching the Patagonia region, and it is more evident at the southernmost loca-
tions and over the Andes mountains (Frederick et al. 1993, 1994, Díaz et al. 1994, 1996, Lubin
& Jensen 1995, Orce & Helbling 1997).  The other source of variability in the UVR data
(principally in the UV-B region) is atmospheric ozone column concentrations, causing enhanced
levels of UV-B at the time of low ozone concentrations.  In Patagonia, ozone column concentra-
tions have been measured by launching balloons at specific sites such as Punta Arenas, Chile
(Kirchhoff et al. 1997a), inferred from satellite data obtained by the Total Ozone Mapping
Spectrometer (TOMS) (Booth et al. 1994, Frederick et al. 1993, 1994, Bojkov et al. 1995,
Kirchhoff et al. 1997b, Orce & Helbling 1997), or from solar UVR ground-based   measure-
ments (Tocho et al. 1994, 1996, Bojkov et al. 1995, Orce & Helbling 1997, Perez et al. 1998).
Ozone depleted air masses from the polar region reach lower latitudes of Patagonia during
October – November, in events with variable duration.  This can be visualized from TOMS
maps (Fig. 2A) or inferred from ground-based solar UVR measurements (Fig. 2B, C).  This
was also demonstrated in other studies carried out at several locations of Patagonia (Frederick
et al. 1993, 1994, Díaz et al. 1994, 1996, Jaque et al. 1994, Tocho et al. 1994, 1996, Orce &
Helbling 1997, Orce et al. 1997, Perez et al. 1998).  For example, the analysis of 1978-1991
TOMS dataset at Ushuaia showed the lowest ozone value (189 Dobson Units, D.U.) during
October of 1991 (Booth et al. 1994).  At this locality, Frederick et al. (1993) estimated that
the largest local noon radiation levels at 306.5 nm during an ozone depletion event were
equivalent to that expected at the summer solstice in Buenos Aires, about 20 degrees
northwards.  In addition, Bojkov et al. (1995), also working at Ushuaia, have reported    in-
creases of 80% and 35% at 300 nm and 305 nm, respectively, during a 15% ozone decline in
October; the measured irradiance at 300 nm was similar to the value recorded at the same
site at the summer solstice.  Studies carried out at Punta Arenas have shown that the largest
relative enhancement in UV-B radiation, during an ozone depletion event, occurred       be-
tween 296-297 nm, with the spectral irradiance at 297 nm being at least 10 times higher than
during a “normal” ozone day (Kirchhoff et al. 1997b).  At this site, and using             ground-
based UVR measurements, Kirchhoff et al. (1997a) estimated a drop in ozone    concentra-
tions from 325 to 200 D.U. in October of 1995.  The DOAS Network instruments have also
noticed several ozone depletion events during the period 1993–1995.  Although the intensity
of these low-ozone episodes decreased northwards, they have been detected at latitudes as
low as 37°S (Tocho et al. 1996, Perez et al. 1998).
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Figure 2: A) Polar view of the ozone
“hole” over Patagonia on October
31, 1999, obtained from TOMS data
from Goodart Space Flight Center
(http://jwocky.gsfc.nasa.gov).
Ratio of energies at 305 and 340
nm obtained with a GUV 510
spectroradiometer (Biospherical
Instrument Inc.) as a function of
day during the austral spring, for:
B) Puerto Madryn, and C) Ushuaia.
High values of the 305 / 340 ratio
indicate low ozone concentrations
(Figs. B and C reprinted from
Global and Planetary Change, 15,
Orce & Helbling, Latitudinal UVR-
PAR measurements in Argentina:
Extent of the ‘ozone hole’.
Copyright (1997) with permission
of Elsevier Science).

Orce & Helbling (1997) and Orce et al. (1997) have used the ratio of energies at 305 nm and
340 nm as an estimator of ozone concentrations.  They detected significant enhanced levels
of UV-B radiation not only in sub-Antarctic environments (Ushuaia, Fig. 2C), but also at
mid-latitudes (Puerto Madryn - 43°S, Fig. 2B).  These studies have also shown that although
the largest relative enhancement of spectral irradiance at 305 nm occurred during the month of
October, the absolute irradiance values for UV-B were still lower than those found during the
summer solstice (Orce & Helbling 1997).  Moreover, Díaz et al. (1994) concluded that the
combination of low solar zenith angles and modest mid-summer ozone depletion pro-
duces more biologically damaging UV radiation than strong early-spring ozone depletion
when the solar zenith angle is large.  Ozone-poor air masses over Patagonia    probably
occur in relation to an extension of the Antarctic polar vortex over lower latitudes (Orce &
Helbling 1997), but the possibility of a detachment from this system (Kirchhoff et al. 1996)
should also be considered.

Underwater radiation field

The water column attenuates solar radiation, and the amount of energy received at any
depth depends not only on the surface irradiance, but also on the attenuation coefficient Kd.
The light-absorbing components in the aquatic system are the water, dissolved matter
especially dissolved organic carbon (DOC), photosynthetic biota, i.e., phytoplankton and
macroalgae, and inorganic matter (Kirk 1994).  The DOC pool is a heterogeneous mixture
of chemical species with a relatively high degree of aromaticity, which is collectively
referred to as humic acids.  Absorption of UVR by the water itself is very weak, and
attenuation of PAR is important only above 500 nm (Kirk 1994).  The most important UVR
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absorbers in the water are particles and DOM.
The variables conditioning the attenuation coefficients in waterbodies of Patagonia vary
with location and type of environment as seen in Fig. 3 and Table 2.  There is a high
variability in the attenuation of UV-B (Fig. 3A) and UV-A (Fig. 3B) in the different
environments of Patagonia.  The attenuation of PAR (Fig. 3C), on the other hand, is less
variable than UVR.  In general, the attenuation of light in marine systems seems to be more
affected by the presence of organisms than by inorganic matter, but in sub-Antarctic
environments, e.g., coastal waters of the Beagle Channel, Tierra del Fuego, runoff glacier
water plays an important role in absorbing solar radiation (Helbling et al. 2001a, Hernando,
pers. com.).  At mid-latitude coastal marine environments, phytoplanktonic organisms are
the great absorbers, but in some localities like Bahía Bustamante, in the Atlantic Ocean,
certain types of macroalgae (e.g., Macrocystis pyrifera and Gracilaria verrucosa) may
provide a significant amount of yellow-brown materials of the humic type (Helbling et al.
unpub. data).  Other coastal sites, such as estuaries, are affected by river discharges, which
are very important in contributing sedimentary material (e.g., Bahía Engaño, Atlantic Ocean).

Figure 3: Underwater radiation field for different freshwater (Lakes Moreno and El Trébol) and seawater
(Bahía Bustamante and Beagle Channel) sites of Patagonia.  Radiation units are in       W m-2. A) UV-
B (280-315 nm), B) UV-A (315–400 nm), and C) PAR (400-700 nm).
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Table 2: Optical characteristics of waterbodies sampled in Patagonia.  Attenuation coefficients (Kd) for
UV-B, UV-A and PAR are in m-1.

In oligotrophic freshwater lakes, UVR is mostly attenuated by DOC of terrestrial origin.
Compared to seawater, lakes differ widely in the DOC concentration for several reasons: (i)
The relationship between lake volume and watershed area varies enormously among lakes,
(ii) lakes occur in regions that are highly variable in hydrological balance and vegetation
cover , and (iii) lakes are at variable altitude above sea level, with many of them located
above the tree line.  In addition, the lakes of Patagonia occur across one of the steepest
gradients of rainfall - over 4000 mm year-1 in the Andes to about 250 mm year-1 in the
steppe - and along an altitudinal gradient from sea level to about 2000 m a.s.l.  Such
gradients determine dramatic changes in DOC and alkalinity that, in turn, affect DOC
solubility and optical characteristics.  There is evidence that photochemical transformation
of DOM is wavelength dependent, with different processes being favored by different
spectral composition of the radiation (Zepp et al. 1995).  In natural waters, the spectral
composition is largely controlled by depth and DOC concentration; therefore, vertical   mixing
determines the type of photochemical reactions that take place within a water parcel (Zagarese
et al. 1998a, b).
The underwater radiation field is affected by the depth of the upper mixed layer (ZUML) or
epilinmion (Zep), and the relationship between this depth and that of the euphotic zone (Zeu,
the depth of 1% of surface irradiance) will determine the mean radiation received by the
cells (Helbling et al. 1994, Neale et al. 1998c, Zagarese et al. 1998a, b).  The ZUML in marine
systems is conditioned by both vertical mixing produced by wind stress, as well as by
temperature and / or salinity, i.e., density, σt.  In lakes, wind stress and thermal stratification
play the major role in determining Zep.  Studies carried out in the Patagonia region indicate
that ZUML tends to be deep at mid–latitudes due to the frequent strong winds.  Wind is also
important in resuspending particulate material, thus increasing the attenuation of solar
radiation in the water column (Zagarese et al. 1998a, b, Helbling et al. 2001a, b).

EFFECTS OF SOLAR UVR ON AQUATIC ORGANISMS

Solar UVR is known to cause a number of adverse effects on living organisms.  Most
studies have been oriented towards evaluating the impact at lower trophic levels of the food
web (Cullen et al. 1992, Helbling et al. 1992b, 1994, Neale et al. 1998c).  Aquatic primary
producers (phytoplankton and macroalgae) incorporate solar energy into the aquatic
ecosystem through the photosynthetic process, and many studies have shown that they could
be especially sensitive to UVR (Helbling et al. 1994, Häder et al. 1995, Neale et al. 1998c).
Therefore, it is expected that any negative effect of UVR upon autotrophic organisms would
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also directly or indirectly affect higher trophic levels.  In the Patagonia region most       pho-
tobiological studies of aquatic systems have focused on the impact of UVR upon
phytoplankton (Helbling et al. 2001a, b), zooplankton (Zagarese et al. 1997a, b, 1998a, b)
fish larvae (Battini et al. 2000), and macroalgal-invertebrate interactions (Hernández et al.
1999, Menchi, unpub. data).  A research project has just started in which the effects of solar
UVR upon marine macroalgae will be evaluated.  We are not aware of any studies
performed with other components of the aquatic food web.  In the following paragraphs we
will highlight the key results obtained in regard to the effects of solar UVR on aquatic
organisms of Patagonia waters.

Phytoplankton

The studies carried out with phytoplanktonic organisms have focused on determining the
impact of solar radiation in the photosynthetic process and damage to genetic material
(DNA).  Several sites have been selected for these studies, including sub-Antarctic waters -
Beagle Channel (Tierra del Fuego) and temperate marine environments - Playa Unión and
Bahía Bustamante, Chubut (Helbling et al. 2001a), as well as Andean lakes in the Bariloche
area, Patagonia (Helbling et al. 2001b).
Photosynthetic inhibition in phytoplankton, using in situ techniques, varied considerably in
the different environments (Fig. 4).

Figure 4: Percentage of photosynthetic inhibition due to solar UVR as a function of the optical depth
in waterbodies of Patagonia.  The inhibition (%) was calculated as [100 * (PPAR-PUV)/PPAR], where
PPAR indicates the carbon fixed in the PAR treatment and PUV the carbon fixed either in the PAR
+ UV-A or PAR + UVR treatments.  A) Beagle Channel, B) Lake El Trébol and, C) Bahía
Bustamante.

The optical depth was used in order to compare the waterbodies sampled - the optical depth of
4.6 is equal to Kd * Zeu.  Sub-Antarctic phytoplankton (Fig. 4A) were inhibited by ambient
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UVR levels in a considerable portion of the euphotic zone (about 3 optical depths).  The
partial contributions of UV-B and UV-A to the total inhibition were approximately equal
and the maximum inhibition (at the surface) was of about 35% (Helbling et al. 2001a).  In
mid-latitude waterbodies (Figs. 4B, C), inhibition of phytoplanktonic photosynthesis was
significant only in a small portion of the euphotic zone (1.5 optical depths).  At the surface,
freshwater phytoplankton (Fig. 4B) seemed to be more inhibited - 70% (Helbling et al.
2001b) than marine phytoplankton - 40% (Fig. 4C, (Helbling et al. 2001a)).  In these
mid-latitude areas, most of the photosynthetic inhibition was due to UV-A radiation (over
60%), as was also observed in freshwater and marine ecosystems elsewhere (Helbling et al.
1992b, Smith et al. 1992, Kim & Watanabe 1993, Villafañe et al. 1999).
When comparing the worst case scenario for marine phytoplankton, i.e., incubations at the
surface receiving the maximum irradiance, there were no significant differences in the total
UVR inhibition for mid-latitude (e.g., Bahía Bustamante) and sub-Antarctic environments
(Fig. 4A, C).  However, as the depth distribution of photosynthetic inhibition was different,
i.e., 1.5. and 3 optical depths at Bahía Bustamante and Beagle Channel, respectively, the
integrated loss of carbon fixation due to UV-B in the euphotic zone would be higher for the
sub-Antarctic site (24%) than for Bahía Bustamante (3%).  In a mid-latitude freshwater site
(Lake El Trébol, Fig. 4B) carbon fixation loss due to UV-B was calculated to be 6%.  Based
on these results, and considering the decrease in integrated primary production, it is
expected that sub-Antarctic phytoplankton would be the most vulnerable in the case of an
increase in solar UV-B radiation due to ozone depletion.
Genetic material of temperate marine phytoplankton is also affected by ambient levels of
solar UVR, especially to UV-B, as evaluated through the formation of cyclobutane
pyrimidine dimmers, CPDs.  The studies carried out with natural populations (Helbling et
al. 2001a) have shown that there is a significant damage to the DNA in surface waters when
exposed to summer ambient levels of solar radiation.  In fact, CPD levels were higher than
those measured in other waterbodies, such as tropical seawater (Boelen et al. 2001) or Lake
Titicaca (Helbling et al. 2001c), suggesting a prolonged history of previous UV-B
exposures combined with low repair capacity in these cells.
Other studies (Helbling et al. 2001b) have addressed the sensitivity to UV-B of winter
phytoplankton of the Andean lakes.  This study has pointed out the importance of size
structure of the community when evaluating inhibition of photosynthetic rates;
microplanktonic cells (> 20 µm in diameter) seem to be more affected by ecologically
relevant levels of artificial UV-B than nanoplanktonic cells (< 20 µm).
Overall, the results obtained indicate that at the time of assessing the impact of solar radiation
in the water column, it is also necessary to take into account other variables, such as changes
in cloudiness, species composition, including cell size structure of the community, and
depth of the upper mixed layer / epilimnion, all factors that can preclude or benefit the
acclimation of phytoplankton to solar radiation.

Zooplankton

Zooplanktonic organisms are also affected by solar UVR, and some of the effects reported are
increasing rates of mortality, reduced fertility and impairment of movement (Holm-Hansen et al.
1993a, Häder et al. 1995).  The studies carried out in the lakes of the Andes area showed that there
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were large differences in UV tolerance even between species belonging to the same genus
(Zagarese et al. 1997a).  In a comparative study carried out to evaluate the differential
responses to UVR of copepod species from Patagonia lakes (Zagarese et al. 1997a), it was
found that Boeckella gibbosa and B. brevicaudata were more resistant to ambient UV-B
levels, in terms of mortality, as compared to B. gracilipes, with this latter species being
affected also by ambient UV-A levels (Zagarese et al. 1997a, b).  Its biological weighting
function, i.e., the effectiveness of different wavelengths to cause a particular damaging
effect, is notably higher than that of DNA damage (Setlow 1974) especially in the UV-A
region, suggesting that other molecules or structures (proteins, membranes) may also be
impaired.  The differential tolerance to UVR in the 3 species studied has been associated to
differences in their photoprotection potential (i.e., the resistance to UV-B in the absence of
recovery radiation - PAR) as well as to their photoreactivation capacity (i.e., higher resistance
to UV-B in the presence of PAR).  In that study, it was found that the photoprotection
potential was lower in the translucent B. gracilipes and red colored B. gibbosa as compared
to B. brevicaudata (dark pigmented).  On the other hand, photoreactivation was observed in
B. brevicaudata and B. gibbosa, but not in B. gracilipes.  Thus, different strategies allow
these organisms to cope with the damaging UV-B levels found in the nature: B. gracilipes
depends exclusively on the attenuation by the external media, so that it can be found in
relatively dark waters, deep in the water column or in relatively turbid shallow lakes, whereas
B. brevicaudata, thanks to a combination of photoreactivation and photoprotection mechanisms,
can be found in lakes with high irradiance levels of visible and ultraviolet radiation.
The importance of water mixing produced by wind has been addressed for some freshwater
zooplanktonic species, such as Ceriodaphnia dubia and B. gracilipes (Zagarese et al. 1998a).
The effect of water mixing seems to be dependent on the capacity of the organism for
photorepair, so that reciprocity - the dependence of effects only on dose, regardless the
irradiance - was satisfied in species with little photorepair capacity (such as B. gracilipes),
but failed in species with a high photorepair capacity (C. dubia).

Fish larvae

Early life stages of fish may be damaged by solar UVR (Hunter et al. 1979, Zagarese &
Williamson 2000).  In Patagonia there is only one study on the effects of UV on fish larvae,
such as on eggs of Galaxias maculatus (Battini et al. 2000), a landlocked form of a small
catadromous fish.  Battini et al. (2000) estimated the depth at which 50% of the exposed
eggs would die (LD50 depth, Fig. 5) so that, depending on water transparency, the LD50

ranged from a few centimeters to over 12 meters.  Interestingly, in some high elevation
lakes, the LD50 is greater than the lake depth, strongly suggesting that UV radiation may be
a sufficient cause to explain the lack of fish in such lakes.
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Figure 5: Depth at which
50% of fish eggs die
(LD50) as a function of
the inverse of the
attenuation coefficient
at 320 nm (1/k320)
(redrawn after Battini
et al. 2000).

Trophic interactions

The effects of UVR on trophic interactions have been evaluated through the synthesis of
UV-absorbing compounds in marine macroalgae and subsequent bioaccumulation by
invertebrate consumers (Hernández et al. 1999, Menchi, unpub. data).  It has long been
hypothesized that UV-absorbing compounds, especially mycosporine-like aminoacids
(MAAs) might act as sunscreens and thus conferring protection against damaging levels of
UVR (Shick et al. 1996).  These compounds, that absorb UVR between 310 and 360 nm
wavelength, are synthesized by organisms having the shikimate pathway, hence they are
absent in metazoans; however they can be obtained through diet (Shick et al. 1996).  In a
study carried out with temperate marine organisms, it was found that the isopod Idotea sp.,
a key organism in the diet of pelagic fishes, was able to accumulate UV-absorbing
compounds after being fed with a MAA reach diet provided by the red algae Polysiphonia
sp. (Hernández et al. 1999).  Furthermore, these UV-absorbing compounds were localized
in specific organs of the crustacean body, such as gonads, but they were absent from the
carapace (Menchi, pers. comm.).

FUTURE NEEDS FOR UVR STUDIES IN AQUATIC SYSTEMS OF PATAGONIA

A considerable number of instruments have been installed in Patagonia, and great efforts
have been exerted to maintain and collect UV data.  These types of measurements are
essential for understanding the biological impact of UVR.  However, some of these data are
not easily obtained or they have not been published.  Furthermore, no comparable efforts
have been put to integrate these measurements, including an intercalibration process among
the various types of instruments.
Regarding the impact of UVR on aquatic systems, more detailed studies are needed in order
to understand the interactions between different variables, e.g. water mixing, cloudiness,
ozone concentration, increasing temperature, in the observed effects.  It is imperative to
understand the autoecology of key species to better evaluate their potential to acclimate in



18

a scenario of increasing solar UV-B, and how this might affect the biodiversity and
trophodynamic of the aquatic systems.
Long-term ecological monitoring of the impact of solar radiation on selected habitats, such
as (i) mountain lakes (above the tree line); (ii) set of lakes across a DOC gradient , and (iii)
mid-latitude areas with low cloud covering, would provide an unprecedented data base for
the Patagonia region.  These data will provide unique information to understand and predict
changes in the aquatic biota due to solar UVR.
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THE AIM OF THIS STUDY – THESIS OUTLINE

Although most studies about the effects of UVR on phytoplankton have been carried out in
polar areas including the Arctic, where ozone depletion events have been also registered (Müller
et al. 1997), we now know that normal UVR levels can produce significant effects in temperate
and tropical phytoplankton (Lesser & Lewis 1996, Banaszack & Neale 2001, Helbling et al.
1992b, 2001a, b, c, Villafañe et al. 1999).  However, we have little information about the
effects of UVR on phytoplankton of the Patagonia region which, from a photobiological
perspective, is a very interesting area to carry out these types of studies.  The importance of
this geographic region lies on two main reasons: (i) Phytoplankton species live under a highly
variable radiation regime due to marked seasonal shifts and to sporadic ozone depletion events
as result from its proximity to the Antarctic ozone “hole” (Orce & Helbling 1997) and, (ii)
The large continental shelf area of the Atlantic coast in Patagonia is very productive, sustaining
high stocks of commercial fish and invertebrates species.  Hence, any potential deleterious
effects of UVR on the base of the trophic food web in Patagonian waters could significantly
alter the dynamics and biodiversity of the system as a whole.  In addition, lakes of Patagonia
are also very interesting sites to evaluate the effects of solar UVR, because they present a wide
range of DOM concentrations (Morris et al. 1995) that ultimately affect waterbody transparency.
Under such variety of environments (i.e., different underwater light climate), a number of
responses to UVR of phytoplankton organisms inhabiting these lakes are expected to occur.
Within this context, the aim of this thesis is to assess the effects of solar ultraviolet radiation
on primary productivity in temperate aquatic environments of Patagonia.  The general outline
of the thesis is presented below.
From the scattered information that was available (i.e., as stated in the General Introduction)
there was an obvious need of complementing and emphasizing studies addressing the effects
of solar radiation (especially UVR) on phytoplankton from Patagonian waters.  The effects of
solar radiation on phytoplankton are generally assessed with different methodologies and
under different perspectives (i.e., short vs. long term experiments) including important variables
for the studied environment (e.g., wind and nutrients in the case of aquatic ecosystems of
Patagonia).  As this thesis particularly focuses on the effects of UVR on aquatic primary
productivity, Chapter 2 reviews the current methodologies / techniques to assess UVR effects
on primary producers (i.e., phytoplankton, microphytobenthos and macroalgae) and provides
information on how photosynthesis in these organisms is affected by UVR.
To asses the effects of solar UVR on phytoplankton photosynthesis in Patagonia at different
times of the year, a year-long study is presented in Chapter 3.  This chapter provides information
about the seasonal cycle of phytoplankton as well as on the variable climatology throughout
the year, and it determines an annual pattern of UVR-induced effects on phytoplankton photosynthesis
under various biological and meteorological conditions as found in the study site.
Once the seasonal variations of phytoplankton and the concomitant UVR-induced effects were
determined, detailed experimentation was performed during the high radiation periods (i.e.,
spring-summer).  These experiments were done in three different places of Patagonia: A rather
closed system (i.e., Bahía Nueva) and two open sea sites, one of them in close proximity of the
Chubut River discharge (i.e., Bahía Engaño), and the other not influenced by freshwater runoff
(i.e., Bahía Camarones).  At these places the research focused on: i) Short-term experiments
(Chapter 4) to evaluate UVR effects on P vs E (i.e., productivity versus irradiance) characteristics
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as well as their temporal variability and, ii) Long-term experiments (Chapter 5) to assess
the combined effects of UVR and nutrient addition on growth and taxonomic composition
of phytoplankton assemblages.
Since the DNA molecule is another cellular target that is affected by UVR, two chapters of
the thesis are devoted to jointly assess DNA damage and photosynthesis inhibition.  In
particular, Chapter 6 addresses the in situ impact of UVR on both targets in a marine
phytoplankton community, whereas Chapter 7 is a study carried out in three freshwater
lakes of the Andes region having extreme conditions of solar radiation penetration due to
differential DOM content.
Finally, the Summary presents the general conclusions of this work, as well as future potential
lines of research in Patagonia.




