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Chapter 2
Photosynthesis in the aquatic environment as affected by UVR

Villafañe VE, Sundbäck K, Figueroa FL, Helbling EW

ABSTRACT

Since the discovery of the Antarctic ozone ‘hole’, many studies have been conducted to
determine the effects of enhanced UV-B (280-315 nm) on photosynthetic rates of autotrophic
organisms.  It is accepted now that even natural levels of UVR (280-400 nm) are stressful
for some autotrophic organisms.  In this chapter we will summarize what we know about
the effects of UVR on photosynthesis of aquatic organisms.  Here we consider three major
groups – phytoplankton, microphytobenthos (MPB), macroalgae / marine angiosperms –
which differ in many ways, especially in regard to their habitats.  While phytoplankton live
in the water column, MPB and macroalgae occupy the benthic environment.  This creates
substantial differences with respect to the amount and quality of radiation that they receive.
Thus, although there is a common and general response to UVR of these autotrophic
organisms – i.e., inhibition of photosynthesis - there are differences among the groups studied.
These are mainly due to differences in the radiation conditions to which cells are exposed,
as well as to the specific sensitivity / acclimation of the organisms under study.  To evaluate
the overall response of aquatic primary producers to UVR, it is crucial to consider the
temporal scale of experimentation, to allow enough time for repair mechanisms and
acclimation to UVR.  Thus, short–term experiments frequently give an insight about the
worst – case scenario for UVR effects on photosynthesis.  We also review in this chapter the
effects of UVR upon some related physiological processes (e.g., nutrient incorporation /
assimilation, pigment synthesis / bleaching) and morphology (e.g., cell size) that may in
turn affect the photosynthetic performance.  Finally, to determine the impact of natural and
increased levels of UVR upon aquatic ecosystems, we consider the interactive effects of
other variables (pH, carbon dioxide concentrations, temperature, etc.) with UVR.
Consequences upon aquatic autotrophic organisms of increased UV-B levels due to ozone
depletion events are still uncertain, but changes in biogeochemical cycles, community structure,
and trophic web dynamics can be expected.

INTRODUCTION

The photosynthetic process in aquatic ecosystems is responsible for fixing approximately
40% of our planet´s yearly amount of carbon available for the production of new living
matter, with about 48.5 Pg C yr-1 fixed in the aquatic ecosystems (Falkowski 1994, Behrenfeld
& Falkowski 1997, Field et al. 1998).  Carbon fixation in the aquatic environment, mediated
by the utilization of solar radiation, takes place in both the water column and the benthos.
While water-column autotrophic organisms (mainly phytoplankton) are responsible for most
of the share in carbon fixation, benthic organisms (i.e., macrophytes and microalgal
communities) are involved in about 10% of the total production (Mann & Chapman 1975,
Häder et al. 1995).  Although this latter amount is globally less than that due to phytoplankton,
marine macrophytes also provide food (directly or through detritus) to a wide variety of
invertebrates and fish in the coastal ecosystems (Duggins et al. 1989).  Benthic microalgal
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communities, on both hard and soft substrata, also serve a crucial ecological function in shallow
freshwater and marine habitats. They constitute the local basis of the food webs in shallow
areas, which are recognized as having high secondary production (e.g., of fish and their
prey).  In these areas, the microphytobenthic – MPB - communities may account for 50% or
more of the total primary production, equaling or exceeding the productivity of the water
column (Underwood & Kromkamp 1999).
Even though solar radiation is attenuated in the water column (Hargreaves 2003), it penetrates
to a depth that will vary, among other things, according to the location (e.g., oceanic vs.
coastal), latitude and concentration of particulate and dissolved matter.  The euphotic zone
in the water column (i.e., 1% of surface PAR, 400-700 nm) can vary from few centimeters
in estuarine waters or lakes with a heavy load of DOM (Morris et al. 1995, Neale 2001) to
more than 100 m in the open ocean (Kirk 1994).  Hence ultraviolet radiation (UVR, 280-400 nm)
can penetrate accordingly to comparable depths (Smith & Baker 1979, Hargreaves 2003).
In coastal waters, biologically effective ultraviolet B radiation (UV–B, 280-315 nm) reaches
only to 1 m depth, as in the Baltic Sea (Piazena & Häder 1997), whereas in the Mediterranean
it can penetrate as deep as 20 m (Figueroa 1998).  This variability is also observed in other
environments: For example, in a study carried out in freshwater Japanese ponds and lakes,
Hodoki & Watanabe (1998) determined that the 1% of surface UV-B varied from 0.3 to 2 m,
depending mostly on the concentration of chlorophyll-a (chl-a) and particulate organic
carbon present in the water body.  The photic zone in the benthic environment extends to ca. 3 mm
into the sediment.  Fiber optic microsensor measurements have shown that UVR can
penetrate down to at least 1.25 mm of this zone, and through scattering it can even exceed
the incoming UVR by up to 50% (Bebout & Garcia-Pichel 1995, Garcia-Pichel & Bebout
1996).  In addition, as the water column in estuaries and embayments is often shallow, and
regularly absent in intertidal areas, UVR can reach high levels at the sediment surface.
Thus, and in view of this background, UVR should be considered a very important
environmental factor that can affect different metabolic and physiological processes in
autotrophic organisms living in the water column and in the benthos.
In this chapter we will discuss the role of UVR in affecting the photosynthetic process in
phytoplankton, MPB, and macroalgae.  This is especially important as the effects of UVR
on the photosynthesis of these organisms may have a considerable impact on higher trophic
levels of the aquatic ecosystem (Leech & Johnsen 2003), as well as in climate change
(Williamson & Zagarese 2003) and biogeochemical cycles (Zepp 2003).

METHODOLOGY TO ASSESS UVR EFFECTS ON PHOTOSYNTHESIS

Exposure of samples

In order to assess UVR effects on photosynthesis, three approaches for exposing algae to
UVR are used.  These include (1) natural solar radiation, modified by various filters that
selectively screen off certain wavebands of radiation; (2) natural solar radiation which is
supplemented with artificial UVR from lamps, and (3) fully artificial radiation, implying
laboratory experiments.  UVR experiments at their best require both that the target organisms
are exposed to as realistic a light field as possible, and that high - quality measurements of
radiation are obtained.  The most realistic results are probably gained from experiments
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performed under natural solar radiation; artificial radiation sources, however, have also been
shown to be very useful for studying mechanistic aspects of UVR responses.

 In situ incubations

In this type of incubations, the samples are exposed to solar radiation in their natural habitat
and at their natural in situ depth.  To assess the effects of ambient UVR, this approach often
involves three types of radiation fields, achieved by filters, i.e. PAR + UV-B + UV-A, PAR
+ UV-A, and only PAR (see section Variables measured and experimental approaches).
Although in situ incubations will result in the most realistic responses, they certainly have
the constraint of being conditioned by weather conditions.  Therefore, comparatively few in
situ studies on the effects of UVR on algal photosynthesis have been conducted, particularly
in rough-weather areas, such as the Arctic (Helbling et al. 1996b) and Antarctica (Smith et
al. 1992, Holm-Hansen et al. 1993b).
Phytoplankton can be exposed to an in situ field of radiation by using UV-transparent (see
section Variables measured and experimental approaches) bottles hanging from a line or
tubes placed in trays (Fig. 1) which are incubated at different depths in the water column
(Smith et al. 1992, Holm-Hansen & Helbling 1995).  One disadvantage with this approach
is that phytoplankton cells are kept at a fixed depth for the entire incubation period (e.g.,
few hours), thus receiving a constant proportion of the surface incident radiation.  In the
water column, however, cells are moving within the upper mixed layer (UML) and thus
exposed to a variable field of irradiance (Helbling et al. 1994, Neale et al 2003).  So far, few
studies have addressed the importance of mixing rates on the phytoplankton photosynthesis
(Helbling et al. 1994, Neale et al. 1998c, Köhler et al. 2001), and with the exception of the
experiments performed by Marra (1978) on the effects of PAR, we are not aware of such
studies done under in situ conditions.
Fixed screens with different filtering capacities have been frequently used to study the in
situ effect of ambient UVR on shallow - water benthic microalgae in streams (Kiffney et al.
1997a), lakes (Vinebrook & Leavitt 1999) and marine habitats (Francoeur & Lowe 1998,
Reizopoulou et al. 2000).  In a four-month in situ experiment on UVR effects on MPB
communities of a microtidal bay, Wulff et al. (1999) used 80 x 80 cm screens placed in
wooden frames that were pressed into the sediment.  This type of field set-up, however,
requires frequent cleaning and careful monitoring of the radiation field below the screens.
In the case of marine macrophytes (macroalgae and marine angiosperms), most of the in
situ experimentation has been conducted in the intertidal zone, where access to growing
plants is relatively easy (Figueroa et al. 1997b, Bischof et al. 1998a, Gómez & Figueroa
1998, Flores-Moya et al. 1998).  Subtidal populations have received less attention due to
the complications of working in situ at different depths, especially in high latitude zones
(Bischof et al. 1998a, b).  Several authors (Figueroa et al. 1997b, Gómez & Figueroa 1998,
Flores-Moya et al. 1998, 1999) have investigated effects of UVR on macroalgal
photosynthesis by incubating algae in their natural environment and monitoring daily
variation in photosynthesis and irradiance under different radiation treatments using a similar
set up as those described for MPB experiments (Fig. 1).  More recently, however, efforts
have been devoted to analyze in situ photosynthetic activity of subtidal algae.  This
experimental design has consisted of determining the effective quantum yield by using an
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Simulated in situ incubations

Considering the practical difficulties of in situ incubations, outdoor incubations in temperature -
controlled containers (e.g., on deck of research vessels, or in flow - through systems on land
sites) have been used as an alternative approach.  This incubation method is suitable for
both short-term (hours) and long-term (days - weeks) experiments carried out with microalgae
(Helbling et al. 1992b, Holm-Hansen & Lubin 1994, Vernet et al. 1994, Sundbäck et al.
1996, Odmark et al. 1998), as well as with macroalgae (Häder et al. 1996a, b, 1997a, b,
Franklin & Forster 1997, Flores-Moya et al. 1998, Grobe & Murphy 1998, Altamirano et
al. 2000).  This set up is often used for determining a worst-case scenario, as samples are
exposed to surface (i.e., maximum) incident irradiance.  Therefore, neutral density filters
are often used to approximately simulate the attenuation of solar radiation in the water
column.  These filters, however, do not mimic the differential spectral attenuation that
actually occurs in the water column (Hargreaves 2003), and samples are generally exposed
to higher UV-B / UV-A / PAR ratios than they would normally experience.  It is particularly

underwater fluorometer (Beer et al. 1998, Ralph et al. 1998, Beer & Björk 2000, Figueroa &
Gómez 2001).  An alternative approach has been to incubate marine plants for several days
at their natural growth site, and after that period the algae were collected and the quantum
yield measured using a non - submersible fluorometer (Hanelt et al. 1997b, Häder et al. 1998,
Flores-Moya et al. 1999, Figueroa et al. 2002).

Figure 1: Schematic
representation of in situ
incubation for
phytoplankton and
benthic algae.  A)
General disposition of
trays with tubes and
filters for cutting off
different portions of the
solar spectrum; in the
bottom a set up for
benthic algae incubation
is presented.  B) Close up
of one tray containing
duplicate quartz tubes for
three different radiation
treatments: PAB,
unfiltered solar radiation;
PA, PAR + UV-A and P,
only PAR.  C) Transmission
characteristics of various
materials and filters used
in photobiological
experimentation.
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important to approach realistic ratios between UV-B, UV-A and PAR, as DNA repair mechanisms
depend on those ratios (Karentz 1994, Quesada & Vincet 1997, Buma et al. 2003).
In contrast to phytoplankton, simulated in situ incubations imply fairly realistic light conditions
for MPB in the intertidal or littoral zone.  This is particularly true when incubating intact
sediment cores, as the sediment will provide natural refuges for benthic microalgae, such as
motile diatoms and cyanobacteria (Garcia-Pichel & Castenholz 1994, Sundbäck et al. 1996,
Odmark et al. 1998).  Similar approaches have also been used for hard substrata, often
involving colonization of artificial substrata (Bothwell et al. 1993).

Supplemented UV-B or UVR

As with several UV experiments carried out with terrestrial organisms (Caldwell et al.
1995, Björn et al. 1999), experimental treatments on aquatic organisms have included the
enhancement of ambient UV-B.  In some cases, these treatments simulate ozone depletion
events.  Such experiments, in which natural solar radiation is enhanced by artificial UVR,
have been done with phytoplankton (El-Sayed et al. 1990, Mostajir et al. 1999, Wängberg
et al. 2001) and microphytobenthos (Sundbäck et al. 1997).  A few studies have included
simultaneously exclusion and enhancement of UV-B (Odmark et al. 1998, Underwood et
al. 1999).  A shortcoming, however, in the majority of experiments using elevated levels of
UV-B, has been the use of fixed levels of UV-B for few hours per day.  Moreover, the levels
of enhancement have varied greatly, from moderate (~ 20%) to ca. 100% above ambient,
often resulting in unnatural ratios between PAR and UVR, thus making comparisons
between experiments difficult.  As mentioned before, it is crucial for ecologically relevant
studies that the spectral composition of the radiation is realistic (Santas et al. 1997).  One
way to achieve this is to provide additional UV-B so that it mirrors the natural curve, as has
been used in terrestrial studies (McLeod 1997).  This is possible with a system in which the
intensity given is controlled by a computer system linked to a UV-B sensor that
continuously measures ambient UV-B levels.  This type of set-up allows the simulation of
low levels of enhanced UV-B (5% - 20%) as observed during ozone depletion events, and
has been used to study the UV-B response of both MPB (Underwood et al. 1999, Wulff et
al. 2000) and phytoplankton (Wängberg et al. 2001).

Artificial radiation

Various artificial radiation sources have been used to assess UVR effects on aquatic
autotrophic organisms.  An assorted number of them are commercially available, such as
fluorescent and halogen lamps.  So far, most studies carried out with artificial radiation
sources have been done with the main objective to determine the impact of UVR at fixed
irradiances (Figueroa et al. 1997a), or in combination with neutral density screens and
cut - off filters to obtain biological weighting functions (BWFs) (Cullen & Neale 1994,
Neale & Kieber 2000).  In order to determine the sensitivity of intertidal and subtidal algae,
Dring et al. (1996a, b) used a solar simulator, in which different levels of ozone reduction
can be arranged, and Röttgers (1999) had used a similar system to address the response of
phytoplankton cultures to changes in UVR.  However, it has been found very difficult to
mimic the solar radiation spectrum in these types of experiments; in fact very few of the
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light sources can give reliable results in photobiological research (Brown et al. 2000).  Moreo-
ver, one should be extremely cautious when extrapolating the results obtained in this way to
the natural environment.

MATERIALS AND FILTERS

A combination of different materials and filters are normally used to separate different wave-
bands of the incident irradiance spectrum.  In most of the experiments conducted either in
the field or in the laboratory, it is customary to use tubes or vessels made of a material
transparent to UVR, such as Quartz, Plexiglas, or Teflon.  There are many types of filters
that are broadly used in photobiological research, ranging from ‘film type’ filters, such as
Ultraphan, Folex, Mylar-D, and acetate, to ‘glass type’ filters such as Schott, Hoya and
Oriel.  Representative spectra of the transmission characteristics of commonly used filters
and materials are shown in Fig. 1.  In general, the materials are long pass filters, and thus
they screen off the energy of the lower wavelengths.  However, there are filters that allow
the energy of just a portion of the spectrum to pass, as is the case of the UG11 filters (see
Fig. 1).

VARIABLES MEASURED AND EXPERIMENTAL APPROACHES

Various experimental approaches have been used to evaluate the impact of UVR on different
cell processes (Fig. 2).  The evolution of oxygen (Aalderink & Jovin 1997, Hanelt et al.
1997a) and incorporation of radiocarbon (Steemann Nielsen 1952, Holm-Hansen & Helbling
1995) have been widely used not only to determine the productivity of a water body, but
also to assess the impact of UVR (Helbling et al. 1992b, 2001a, b, c, Smith et al. 1992, Kim
& Watanabe 1994, Häder et al. 1996a, b, Beardall et al. 1997, Figueroa et al. 1997a, b,
Neale et al. 1998b, c).  In addition, oxygen microsensors (Revsbech 1989) have been shown
to be practical tools for high-resolution measurements of UVR effects in sediments and
microfilms (Sundbäck et al. 1996, 1997), particularly in combination with optical
microsensors measuring UVR (Garcia-Pichel & Bebout 1996).
In recent years, pulse amplitude modulated (PAM) chlorophyll fluorescence associated with
the photosystem II (PSII) has become a useful tool for evaluation of photosynthesis (Henley
et al. 1991, Hanelt 1992, 1996, Schreiber et al. 1995, Häder & Figueroa 1997).  In fact,
chlorophyll fluorescence can function as an indicator of different functional levels in
photosynthesis, such as photon capture by light-harvesting pigments, primary light
reactions, thylakoid electron transport reactions, dark-enzymatic stroma reactions and slow
regulatory feedback processes (Schreiber et al. 1986).  The relationship between oxygen
evolution and chlorophyll fluorescence in different organisms has also been demonstrated
(Genty et al. 1989, Flameling & Kromkamp 1998).  Photosynthetic activity has been
estimated as chlorophyll fluorescence in macroalgae growing in a variety of water bodies,
as in the Arctic (Hanelt et al. 1997b, Hanelt 1998), Antarctic (Bischof et al. 1998b, Hanelt
et al. 1994a), North Sea (Dring et al. 1996b), Chinese Sea (Hanelt et al. 1994b), Mediterranean
Sea (Häder et al. 1997a, b, Gómez & Figueroa 1998, Jiménez et al. 1998), tropical (Franklin
et al. 1996) or Patagonian (Häder et al. 2000, 2001).  Taking into account the differences in
photosynthetic organization between macroalgae and higher plants, an optimization of the
PAM instrumentation has been needed to meet accurately the low chlorophyll fluorescence
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emission of macroalgae (Büchel & Wilhelm 1993, Hanelt 1996).  Furthermore, the presence of
phycobilisomes in the light-harvesting system of red algae results in generally lower fluores-
cence values than that measured in green - and brown algae (Büchel & Wilhelm 1993).  Due
to the increased sensitivity of the PAM fluorescence instrumentation in recent years, this
technique has been also used to study UV-B effects on MPB (Underwood et al. 1999), as
well as to address UVR effects on phytoplankton (Marwood et al. 2000, Schofield et al.
1995, Röttgers 1999).

Figure 2: Diagram of a
eukaryotic algal
cell indicating
different processes
that could be
influenced by UVR
and that directly or
indirectly affect the
pho to syn the t i c
process.

Studies on the effects of UVR upon phytoplankton have been conducted using both natural
communities and monospecific cultures (Bühlmann et al. 1987, Cullen & Lesser 1991,
Cullen et al. 1992, Helbling et al. 1992b, 1994, 1996a, b, 2001a, b, c, Smith et al. 1992,
Behrenfeld et al. 1993, Neale et al. 1994, 1998b, c, Vernet et al. 1994, Villafañe et al. 1995b,
1999, Laurion & Vincent 1998, Marwood et al. 2000, Banaszack & Neale 2001).  The
exposure of samples has included in situ (Holm-Hansen et al. 1993b, Vernet et al. 1994,
Villafañe et al. 1999, Helbling et al. 2001a) and simulated in situ incubations (Helbling et
al. 1992b, 1994, 2001c, Vernet et al. 1994), as well as the use of artificial radiation (Bühlmann
et al 1987, Helbling et al. 2001b).  Short-term studies have been generally performed in
periods of less than one day, implying that no acclimation is generally allowed, and hence,
some of the observed effects represent the worst-case scenario.  Still, the majority of UVR
studies on phytoplankton photosynthesis have been done using this approach, and they
provide a base of comparison among species and different ecosystems.  Long-term
experiments (i.e., days, weeks), on the other hand, are a preferable choice when making
predictions about the effects of UVR on an ecological scale; however, relatively few studies
have been performed using this approach (Worrest 1982, Villafañe et al. 1995b, Helbling et al.
1996b, 2001a, Lesser et al. 1996, Wängberg et al. 1996, Hazzard et al. 1997, Holm-Hansen
1997).
The response of benthic microalgae to UVR has mainly been assessed by studying natural or
semi - natural communities in situ, or in outdoor experimental flumes (see references below),
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although laboratory experiments have also been made (Peletier et al. 1996, McNamara & Hill
2000). Basically, two types of studies have been conducted: (1) experiments where communities
have been allowed to colonize on hard substrata (Bothwell et al. 1993, Vinebrook & Leavitt
1996) and, (2) experiments where intact natural communities in sediments have been studied
(Odmark et al. 1998, Wulff et al. 1999).  These two approaches differ in the aspect that the
former allows UVR to exert a selective pressure during early growth and succession, which is
not the case when studying already established, dense communities with no or little net growth.
These two approaches also differ in the choice of target variables.  While photosynthetic rate
(14C incorporation, oxygen microprofiles), and photochemistry (PAM) have been monitored
for MPB in sediments, accrual of biomass (as chl a, or algal cells) has been the most
commonly measured variable, particularly in long-term experiments on periphyton on hard
substrata (see references in Effects of UVR on microphytobenthos photosynthesis).
Finally, the impact of UV-B radiation on marine macrophytes has been mostly conducted on
individual species and not on the whole community.  The criteria to select species for
experimentation / analyses have varied: (a) they are key species due to their contribution in
primary production, or because they create a habitat for other marine plants and invertebrates,
as the seagrass Posidonia oceanica in the Mediterranean Sea (Pergent et al. 1994, Figueroa et
al. 2002), Laminaria beds in the North Sea (Lüning 1990), or Macrocystis on the Pacific coast
of California (Mann & Chapman 1975), (b) they represent a high share of macroalgal biomass
in the ecosystem, as Ulva in eutrophic coastal waters (Schramm & Nienhuis 1996) and, (c)
they are commercially important as Porphyra sp., Gelidium sequipedale, Macrocystis pyrifera
or Chondrus crispus (Figueroa et al. 1997b, 2002, Karsten et al. 1998a, Gómez et al. 2001).

EFFECTS OF UVR ON PHYTOPLANKTON PHOTOSYNTHESIS

In the following paragraphs we summarize the status of our knowledge about both, short–
term and long–term effects upon phytoplankton photosynthesis.  In the past years, however,
several reviews dealing with the impact of UVR on phytoplanktonic organisms have been
published (Vincent & Roy 1993, Holm-Hansen & Lubin 1994, Vernet & Smith 1997,
Wängberg & Selmer 1997, Vernet 2000), so we encourage the reader to refer to them for
more specific details that are not addressed here.

Short-term effects

One of the best-known effects of solar radiation upon phytoplanktonic organisms is
photoinhibition, which refers to the reduction of photosynthetic rates at relatively high
irradiances (Osmond 1994).  Many studies have used production – irradiance (P-E) curves
to determine phytoplankton photoinhibition due to high PAR levels (Neale & Richerson
1987, Helbling et al. 1995); in addition, research has been carried out to determine the
additional effects of UVR, not only in tropical (Villafañe et al. 1999) but also in temperate
(Helbling et al. 2001a) and polar regions (Holm-Hansen et al. 1993b, Helbling et al. 1995).
Interestingly, it has been shown that the relative effect of UVR (i.e., as compared to the PAR
control) is sometimes higher at lower irradiances.  On bright days, when high PAR levels
already inhibit the photosystem, UVR produces a relatively lesser effect.  This observation,
however, depends on many variables, such as the light history of the cells and species
composition.  In addition, when phytoplankton cells are exposed to increased levels of solar
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radiation, they may show a threshold for inhibition, which is followed by a steep increase in
photosynthetic inhibition at mid – irradiances, levelling off at higher irradiance values
(Helbling et al. 1992b, 2001c).  However, in some cases no discernible threshold was
determined (Behrenfeld et al. 1993, Helbling et al. 1996b).
In general, when in situ incubations are done, UVR causes a sharp decrease in photosynthetic
rates (as compared with the PAR – only treatment) especially in surface waters (Fig. 3).
Even though UV-B radiation is more effective per unit energy (Blumthaler & Webb 2003),
and hence potentially more damaging than those at longer wavelengths, many studies
conducted in different locations have showed that UV-A is responsible for most of the
photosynthetic inhibition, just because their natural levels are much higher (Holm-Hansen
et al. 1993b, Kim & Watanabe 1994, Villafañe et al. 1999).  Photosynthesis inhibition
decreases with depth, depending, among other things, on water transparency, presence of
microorganisms, as well as on incident radiation.  The depth distribution of photosynthesis
inhibition is highly variable and hence, surface values are not good indicators of the total
inhibition in the water column as it has been demonstrated in a comparison between
freshwater and seawater environments from mid-latitudes and sub-Antarctic areas (Villafañe
et al. 2001).  Furthermore, when evaluating the integrated photosynthesis inhibition, it is
more important to consider the extent of the euphotic zone that is inhibited (e.g., optical
depth), rather than the physical depth at which the inhibition is observed.
Inhibition of photosynthesis due to UVR is highly variable, depending on the irradiance /
doses received by the cells, their specific sensitivity and acclimation potential, as well as
the interaction with other variables that can mask the observed effects (mixing, temperature,
pH, etc).  The daily integrated loss of carbon fixation in the euphotic zone in Antarctic
waters was calculated to be about 4.9 %, under normal ozone column concentrations
(Holm-Hansen et al 1993b).  At the time of ozone depletion events, which are responsible
for a relative increase in incident solar UV-B (Blumthaler & Webb 2003), there was a
greater photosynthetic inhibition – reducing daily aquatic primary production by an
additional ~ 4-12% (Smith et al. 1992, Holm-Hansen et al 1993b).  However, taking into
consideration the magnitude and timing of ozone depletion events, the yearly loss of carbon
fixation in the Southern Ocean due to these processes was estimated to be < 0.15% (Helbling
et al. 1994).  In addition, some studies (Helbling et al. 1994, Neale et al. 1998c) have
demonstrated that the effects of mixing, i.e., fluctuating radiation regimes (Neale et al.
2003), are more important in affecting photosynthesis than the variations in ozone levels.
Studies conducted with temperate phytoplankton (Barbieri et al. 2002), simulating mixing
conditions for Patagonian waters, showed an UVR - induced reduction of photosynthetic
rates when the UML extended to a relatively small portion of the euphotic zone (ZUML / ZEu <0.5).
When mixing was deep (ZUML / ZEu >0.8), and mean PAR levels were low, phytoplankton
was able to use UV-A radiation for carbon fixation.  The use of solar UV-A at low PAR
irradiances has also been observed in Californian waters, with a 10-20 % increase in
photosynthesis due to this effect (Prézelin et al. 2000).
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Figure 3: Schematic illustration of potential effects of solar radiation on phytoplankton, MPB and
macroalgae photosynthesis.  For benthic algae, three zones are defined in term of the irradiance
received: high, medium and low.  While the high irradiance zone is clearly defined as the
intertidal zone, the boundaries between medium and low radiation are uncertain and will vary
among different water bodies, species considered, etc.  The graphs are examples of UVR –
induced photoinihibition in the three groups of algae considered here.

In terms of photosynthesis, studies have demonstrated that tropical phytoplanktonic
species are more resistant to UVR than those from polar environments (Helbling et al.
1992b, 2001c, Villafañe et al. 1999), probably due to their evolutionary light history with
naturally high radiation levels.  In addition, tropical organisms had a higher irradiance
threshold for photosynthesis inhibition (Helbling et al. 2001c) than polar species (Helbling
et al. 1992b, Helbling & Villafañe 2002), thus providing an additional evidence of their
resistance to high UVR levels.  Solar radiation increases with altitude (Blumthaler &
Rehwald 1992) and thus photosynthesis in lakes located at high altitudes might exhibit
enhanced inhibition.  The inhibition of photosynthesis, however, depends not only on the
irradiance received at the lake surface, but also on the differences on water temperature,
attenuation coefficients and phytoplankton composition among other variables (Neale et
al. 2001).  Biological Weighting Functions (BWFs) (Cullen et al. 1992, Neale & Kieber
2000) had also implied the higher resistance of tropical organisms to UVR (Helbling et
al. 2001c) as compared to those from polar environments (Neale et al. 1994, Helbling &
Villafañe 2002).  Fig. 4 shows a comparison of different BWFs calculated for different
geographic locations – Arctic, Antarctica, tropical lakes and temperate latitudes.
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Figure 4: Representative biological
weighting functions of a
laboratory culture and
phytoplankton assemblages
from different environments.

Long-term effects

During long-term experiments, species have the potential to acclimate to new radiation
conditions, and processes such as DNA repair and synthesis of photoprotective compounds
may occur (Helbling et al. 1996a, Holm-Hansen 1997, Roy 2000, Zudaire & Roy 2001,
Banaszak 2003).  One of the best ways to test UVR effects on aquatic autotrophic
organisms on a long–term basis is by using a “model ecosystem” or mesocosms (Wängberg
& Selmer 1997), in which a parcel of the aquatic body is isolated and allowed to progress
under similar conditions as in the natural environment.  The main restriction of these
experiments is that it is not possible to completely simulate natural conditions – e.g., water
movements are restricted and larger organisms are normally excluded.  Hence, one should
be cautious when interpreting results obtained in these experiments, as other factors (e.g.,
immigration) are important components when addressing UVR effects from an ecological
point of view (Neale et al. 2003).  Experiments carried out in polar areas (Helbling &
Villafañe 2002) showed that, at the beginning of experimentation, both Arctic and Antarctic
phytoplankton cells were significantly inhibited by UVR.  This inhibition, however, did not
increase as the experiment progressed, and growth rates (based either on chl a content or
carbon incorporation) were not significantly different between the UVR+PAR and the PAR
treatments (Helbling & Villafañe 2002).  Kim & Watanabe (1994) found that even though
short-term exposure to UVR provoked a significant decrease of chl a and photosynthetic
rates in two freshwater phytoplankton species, Melosira sp. and Chlorella ellipsoidea, under
prolonged UV-A exposure, however, the algae acclimatized by reactivation of the
photosystem and enhanced cellular chlorophyll synthesis.  Results from long-term
exposure of freshwater phytoplankton are also very variable with no effects determined in
an Alpine location (Halac et al. 1997), low impact of UVR in a community from a Canadian
lake (Laurion et al. 1998) and significant changes in phytoplankton composition in a lake
from the Andes region (Cabrera et al. 1997).
Interactive effects of UVR with other ecological variables are important when addressing
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photosynthetic inhibition on a long–term basis.  In particular, temperature seems to play an
important role.  For example, the temperate dinoflagellate Prorocentrum micans had a
maximum decrease in photosynthetic rates after 21 days of exposure to solar UVR (Lesser
1996), whereas Antarctic phytoplankton had this maximum inhibition after 9 days (Lesser
et al. 1996).  In addition, research has been conducted to address the interactive effects of
UVR and nutrient limitation.  There was variability in the responses, with studies that
revealed that nutrient – limited cultures were more sensitive to UV-B than nutrient – replete
cultures (Cullen & Lesser 1991; Lesser et al. 1994); however, Behrenfeld et al. (1994) did
not find growth inhibition produced by UV-B in nitrogen – limited cultures.  Bergeron &
Vincent (1997) determined growth rates in different phytoplankton size categories present
in a P - enriched system in a Subarctic lake and found different responses according to the
wavebands to which cells were exposed.

EFFECTS OF UVR ON MICROPHYTOBENTHOS PHOTOSYNTHESIS

Although benthic microalgal communities include the same major algal taxa as the pelagic
communities, there is a crucial difference.  The density of autotrophic, as well as heterotrophic
microorganisms is several orders of magnitude higher in benthic communities, resulting in
microbial mats or biofilms.  These are characterized by steep physical, chemical and
biological gradients, leading to a close spatial and temporal coupling of turnover processes
within the mat system (Paerl & Pinckney 1996).  Thus, it can be expected that the responses
to UVR of these communities are rather complex.

Short-term effects

Decreased photosynthetic rates (measured as 14C uptake, oxygen production, or chlorophyll
fluorescence) appear to be the most frequently observed short-term effect for MBP, particularly
at enhanced UV-B levels (Garcia-Pichel & Castenholz 1994, Bebout & Garcia-Pichel 1995,
Sundbäck et al. 1997, Odmark et al. 1998, Underwood et al. 1999, McNamara & Hill 2000,
Wulff et al. 2000).  These results are, however, ecologically relevant only when realistic,
moderate increases of UV-levels are used.  Wulff et al. (2000) found a 50% decrease in 14C
- uptake of MPB on sand when UV-B was increased by 15% above ambient (23% when
biologically weighed according to Cullen et al. (1992), though only under nutrient depleted
conditions.  Using oxygen microsensors, Bebout & Garcia-Pichel (1995) found a dramatic
(50-90%) decrease in gross photosynthesis of the surface layers of a cyanobacterial mat
(Microcoleus chthonoplastes) under moderate UV-B irradiances (0.35-0.79 W m-2).  This
decrease was also related to an active downward migration in response to UV-B. Non -
invasive fluorescence measurements on natural diatom biofilms (dominated by Gyrosigma
balticum) exposed to supplemented UV-B (7 and 15% above ambient), resulted in a
sequence of responses, starting by significantly increased effective quantum yield - ΦPSII
(probably reflecting downward

 
migration), followed by a reduction in maximum quantum

yield of PSII (Fv/Fm) and minimal fluorescence (Fo) (Underwood et al. 1999).
Observed short-term responses of MPB photosynthesis to ambient UV levels are less
clear-cut, when compared with supplemented UV-B, and appear to vary with substrate
type and community density.  For a muddy sediment, no significant effects of ambient UV-B
on either carbon uptake or oxygen microprofiles of a diatom mat (dominated by large motile
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species) were found (Sundbäck et al. 1996).  In a sandy sediment, on the other hand, both
carbon uptake and allocation of a community dominated by small (mainly non - motile)
diatoms and cyanobacteria, decreased significantly under ambient UV-B, although only at
the end of a 3 - week experiment (Odmark et al. 1998).  Finally, no effects of ambient
UV-B on photosynthetic rates were observed in freshwater stream periphyton (Hill et al. 1997).

Long-term effects

Growth, measured as the accrual of biomass or chl a, is the variable most often studied for
long-term UV-B effects on MPB.  The clearest negative effects of UV-B on MPB growth
have been observed for periphyton colonizing artificial substrata (Bothwell et al. 1993,
Vinebrook & Leavitt 1996, Francoeur & Lowe 1998, Santas et al. 1998a, Reizopoulou et al.
2000).  However, in the majority of these experiments, significant negative effects on growth
(30-100% decrease) were only found during the first few weeks.  After this UV - inhibition
phase, statistically significant negative effects disappeared, or were even reversed (Bothwell
et al. 1993, Kiffney et al. 1997a, Santas et al. 1998b, Vinebrook & Leavitt 1996, 1999) (note
that some of these studies excluded both UV-A and UV-B).  In one case, the explanation for
the reversed effect was the higher sensitivity of grazers than their prey (Bothwell et al.
1993, 1994, Sommaruga 2003).  When experimenting with already established periphyton
communities, however, no detrimental effects were observed (Hill et al. 1997, Vinebrook &
Leavitt 1998).
The effect of UV-B on the growth of natural, established MPB communities inhabiting
marine sediments shows a different general pattern than the above-mentioned colonization
experiments.  In sediments, significant effects appear to be fewer, they are more frequently
found for rate variables (photosynthesis, C-allocation) than for state variables (biomass,
pigment and species composition), and they occur later during the experiment (after 1-2
weeks) (Fig. 3) (Sundbäck et al. 1997, Odmark et al. 1998, Wulff et al. 1999).  The delay of
effects may partly be due to increasing nutrient limitation in the course of the experiments
caused by the experimental set-up, particularly when working with sandy sediments, which
are generally poorer in nutrients than fine sediments (see Odmark et al. 1998 and section
Nutrient incorporation / assimilation and enzyme activities).  However, an intriguing
question is why the observed effects on rate variables were not reflected more clearly in the
state variables?  Besides biological reasons, there could be methodological reasons.  For
example, if a deeper sediment layer than the actual layer affected by UV-B is sampled,
there might be a ‘dilution’ of effects (see further details in Wulff et al. 1999).
Peletier et al. (1996) concluded, from laboratory experiments with diatom species isolated
from intertidal sediments, that ambient (or even future increased) UV-B is unlikely to    affect
sediment - inhabiting MPB.  Although it may appear that experiments on intact sediment
MPB do at least partly support this conclusion (Sundbäck et al. 1996), they do not fully rule
out the role of (even ambient) UV-B as a controlling factor (Odmark et al. 1998, Underwood
et al. 1999, Wulff et al. 2000).  Odmark et al. (1998) found that, while the removal of
UV-B created a response, moderate enhancement of UV-B had less obvious effects.  This
suggests that ambient UV-B can indeed be a factor exerting a selective pressure on MPB
particularly in sandy sediments, whereas an increased UV-B exposure due to ozone depletion
would not severely affect the type of MPB community studied.  However, given that UV-B,
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at present level, is a selective force in MPB communities of sandy sediments, there is no a
priori reason to assume that the communities should respond to a less degree to an increase
in UV-B levels.  Moreover, early successional growth phases of sediment communities are
indeed, like periphytic communities, susceptible to moderately enhanced (15%) UV-B levels
(Wulff et al. 2000).  Epipelic communities on sediments of oligotrophic lakes have also
shown a significant response to ambient UV-B (Vinebrook & Leavitt 1999).

Are UV-B effects on microphytobenthos habitat - specific?

The benthic habitats in the above-cited experiments differ in several aspects, such as the type of
substratum, water movement and nutrient status.  Also the community properties, such as the
level of productivity and composition of the food webs (e.g., importance of grazers) vary greatly.
Are UVR responses then habitat - specific?  The answer appears to be yes, although similarities
in responses also exist.  When MPB on both hard and soft substrata (and phytoplankton) were
studied simultaneously in alpine oligotrophic lakes in Canada (Vinebrook & Leavitt 1996, 1999)
it was found that attached periphyton was affected by ambient UV-B, while epipelon of the
sediment and phytoplankton remained unaffected.  On the other hand, Vinebrook & Leavitt
(1998) found that ambient UVR had no effect at all on epilithon, while a significant stimulating
effect was found for epipelon.  This contradicting result was explained by the fact that
established epilithon, and not early successional stages, were studied in the latter experiment.
An indication of the importance of the substratum type was also found for sediment MPB in a
microtidal brackish - water area in Sweden.  More variables were affected by UV-B in the sandy
than in the muddy sediment (Sundbäck et al. 1996, 1997, Odmark et al. 1998).  This suggests
that muddy sediments may function as a refuge for MPB (shallow photic zone, dominance of
motile diatoms), while in the sandy sediment, UVR penetrates deeper and the MPB is
dominated by small - sized attached species.
Among community properties, grazing pressure is obviously an important controlling factor for
the susceptibility of the MPB to UV-B.  Heavily grazed periphyton communities become thin and
are thus more sensitive to UV-B (McNamara & Hill 2000).  On the other hand, if the grazers are
more sensitive to UV-B than the algae, the algal growth will benefit from UV-B (Bothwell et al.
1994, Sommaruga 2003).
On a larger geographical scale, climate, latitude / elevation, and general nutrient status of the
ecosystem may explain differences in the UV-B responses of MPB.  As discussed before, early
colonization stages of MPB are more susceptible to UV-B than already established, thick
communities.  Thus, UV-B can be expected to be a more important controlling factor in for example
a cold climate where colonization events are more frequent due to ice and scouring (Vinebrook &
Leavitt 1996).  Similarly, freshwater periphyton in mid - latitudes (DeNicola & Hoagland 1996,
Hill et al. 1997) may be more resistant to current UV-B stress than periphyton communities of
higher latitudes (Bothwell et al. 1993, Vinebrook & Leavitt 1999).  The combined effects of
climate warming and increased input of dissolved organic matter (DOM) have been suggested to
moderate the effects of UVR - increase in alpine oligotrophic lakes (Vinebrook & Leavitt 1999).
However, climate change in combination with acidification may also increase the exposure of
organisms to UV-B, particularly in clear, shallow lakes and streams (Schindler et al. 1996).
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EFFECTS OF UVR ON MARINE MACROPHYTE PHOTOSYNTHESIS

Studies on comparative primary productivity of marine macrophytes under different scenarios
of UV climate are rather scarce; moreover, there is a diffuse picture of their photoadaptive
strategies.  Taking into account the distinct origin and the morpho - functional divergences of
macroalgal species, a common adaptive strategy is unlikely.  Thus, a number of responses can
be determined among species.  However, a general pattern is observed: under natural radiation
levels they show daily photoinhibition – a decrease in the photosynthetic rates / yield (Osmond
1994, Häder et al. 1996b), at least at high zenith angles (Häder et al. 1996a, b, 1997a, b).  In
most cases, high PAR irradiances at noon cause a decrease in photosynthetic rates (Hanelt
1992, Häder & Figueroa 1997), but UVR also contributes largely to this process (Wood 1989,
Larkum & Wood 1993, Dring et al. 1996b, Figueroa et al. 1997b, Hanelt et al. 1997a).
In intertidal algae in particular, the highest photoinhibition values (mainly due to PAR) are
found when low tide coincides with local noon (Hanelt 1996, Jiménez et al. 1998).  Even
algae harvested from rock pools, where they are normally exposed to extreme solar irradiances,
show signs of photoinhibition after prolonged periods of exposure (Figueroa et al. 1997b,
Häder & Figueroa 1997).  Under these conditions, increases in temperature and partial
dissecation of algal thallus also contribute to the observed photoinhibition (Hanelt 1992,
Figueroa & Gómez 2001).  Deep - water algae and those adapted to shaded environments are
inhibited even faster when exposed to direct solar radiation (Häder & Figueroa 1997).
Recovery of photosynthesis - measured as an increase in fluorescence quantum yield - starts
when irradiance begins to decrease, but remains still at saturating levels.  Recovery is species
- specific and occurs faster in sun - adapted algae than in algae growing at deep or shaded
locations and then transferred to the surface.  In the eulittoral red algae Porphyra leucosticta
(Figueroa et al. 1997b), Asparagopsis armata and Felmanophycus rayssae (Jiménez et al.
1998) from southern Spain, recovery of photosynthesis occurs immediately after a decrease
of only 10 - 20% of solar radiation.  However, the brown algae Padina boryana recovers with
a 30% irradiance decline, whereas in Sargassum polycystum, a reduction of 70% in the
incident radiation is required (Hanelt et al. 1994b).  In their review on red macroalgae, Figueroa
& Gómez (2001) reported photoinhibition of ~ 30 - 80% at noon, but most of the species
showed full recovery in the afternoon.  In contrast, only partial recovery was observed in red
algae from the North Sea (Dring et al. 1996b) or from Patagonian waters (Helbling et al.,
unpub. data).  The recovery of macroalgae after UVR exposure (as compared to the PAR
control) is highly variable, with little recovery found in Macrocystis pyrifera (Clendennen et
al. 1996) and in Gelidium sesquipedale (Gómez & Figueroa 1998), and high recovery with
beneficial effects of UV-B in the brown alga Dictyota dichotoma (Flores-Moya et al. 1999)
and in the marine angiosperm Posidonia oceanica (Figueroa et al. 2002).  These specific
responses provide important information, as the recovery kinetics gives insights into the
photoadaptive strategies of macroalgae and their light - stress tolerance capacity.  Thus, those
algae capable of dynamic (reversible) photoinhibition under high solar radiation levels and
with a rapid recovery capacity will have competitive advantages as compared to those without
any efficient photoprotection mechanism.
The ability for dynamic photoinhibition during exposure to high radiation, as well as the general
degree of photosynthetic adaptation of individual species to different light regimes influences
the upper depth distribution of algal zonation (Henley et al. 1991, Franklin et al. 1996, Hanelt



36

1996, 1998).  In fact, several taxa and life history stages of inter- and subtidal polar algae show a
strong correlation between their depth distribution and their capacity to cope with high radiation
stress (Hanelt et al. 1997a, Bischof et al. 1998a, b, Hanelt 1998).  Thus, species growing in the
upper subtidal zone show in general more tolerance to high solar radiation levels, especially to
UVR, than algae from deeper waters (Drew 1974, Larkum & Wood 1993, Dring et al. 1996a, b,
Hanelt et al. 1997a, b).
Relatively few studies have been conducted on a long-term basis to determine the effects of
UVR on photosynthesis and growth of macroalgae (Santas et al. 1998a, Altamirano et al. 2000).
In experiments carried out with Ulva sp., UV-B caused a decrease of both growth rates and
photosynthesis during the first week of exposure to solar radiation, but UV-A stimulated growth
as compared to the PAR treatment (Altamirano et al. 2000).  However, after two weeks of
exposure, no differences were observed between treatments, a fact that hints to the action of
acclimation mechanisms, which protect algae against UV stress (see below and Banaszak 2003)

CARBON AND NITROGEN ALLOCATION

There is evidence that UVR, especially UV-B, affects carbon allocation in aquatic autotrophic
organisms.  This has important consequences for food web dynamics, as these changes will
affect growth and consequently, the availability of food for other trophic levels, such as
bacteria and heterotrophic microorganisms (Sommaruga 2003, Zepp 2003).  Changes in lipid,
protein, polysaccharide, and fatty acid levels due to UVR have been determined in some
phytoplanktonic and MPB organisms (Döhler & Bierman 1994, Goes et al. 1994, 1997, Norsker
& Støttrup 1994, Wang & Chai 1994, Arts & Rai 1997, Odmark et al. 1998, Skerratt et al.
1998).  These studies have especially highlighted the variations in responses, according to the
specific sensitivity of the organisms.  For example, Buma et al. (1996), working with three
marine diatoms, found a significant increase in cell protein content when cells were exposed
to low UV-B doses, whereas the opposite occurred at higher doses.  Veen et al. (1997),
working with a chlorophyte, demonstrated an increase in cell protein levels when cells were
exposed to UVR.  Skerrat et al. (1998) exposed the diatom Odontella to UV-B radiation and
found a reduction in lipid content whereas an increase in Chaetoceros was found.  Goes et al.
(1994, 1997), working with diverse phytoplanktonic species, found changes in the rates and
sizes of storage and structural carbohydrates and polyunsaturated fatty acids when exposed to
UV-B.  Moreover, Döhler (1997a, b) found UVR – induced changes in pool sizes of diverse
amino acids of several Antarctic and temperate marine phytoplankton species with UV-A
causing, in general, an increase in their levels, whereas UV-B produced the opposite effect.
These results agree with those obtained by Goes et al. (1995), who also showed that UV-B
caused changes in amino acid concentrations within the cell.  Finally, studies performed to
determine UVR effects on the ATP content of Antarctic phytoplankton, showed a reduction in
this component when cells were exposed to UVR (Vosjan et al. 1990), but Döhler & Biermann
(1994), working with a marine diatom did not find any effect.
Studies performed with MPB communities in sediments have also demonstrated changes in
carbon allocation as a result of UVR exposure.  The most frequently observed change was a
larger relative allocation to proteins at UV-B exposure (Sundbäck et al. 1997, Wulff et al.
1999, 2000).  This can be interpreted as a larger proportion of fixed carbon spent on growth
when carbon fixation decreases, as microalgal cells tend to retain synthesis of proteins rather
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than storage products under adverse environmental conditions (Marañon et al. 1995). Other UV-
B effects on carbon allocation were related to polar lipids, which were lower under        enhanced
UV-B (Odmark et al. 1997).  In macroalgae it was also found that UV-B radiation affects carbon
and nitrogen allocation, although very few studies have been done in this regard.  For example,
Altamirano et al. (2000) found that more than 78% of the seasonal changes in the internal content
of carbon and nitrogen in the green macroalga Ulva rigida were explained by seasonal changes
of UV-B.

MECHANISMS TO REDUCE THE EFFECTS OF UVR ON PHOTOSYNTHESIS

Adaptation to UVR assumes the existence of mechanisms that protect the organism or reduce
the deleterious effects.  According to Roy (2000) four basic mechanisms allow an organism to
cope with a stressful situation, i.e., UVR exposure (1) avoidance, (2) reducing the stress by a
physiological behavioral mechanism – e.g., through the synthesis of UV - absorbing compounds,
(3) repairing the damage produced and, (4) acclimating to the stress allowed enough time.
More details on these mechanisms can be found in Helbling & Zagarese (2003).
Avoidance mechanisms seem to be a common strategy against exposure to high levels of
UVR.  For microalgae living in soft substrata, such as motile cyanobacteria and diatoms
(Bebout & Garcia-Pichel 1995, Quesada & Vincent 1997, Underwood et al. 1999), this
involves downward vertical migration.  Bebout & Garcia-Pichel (1995) showed that by
migrating down to 300 µm depth, cyanobacteria could reduce their UV exposure to 10% of
that at the sediment surface.  For benthic diatoms, the observed downward movement of
Gyrosigma balticum at high light levels was first suggested to be related to PAR rather than
UV-B (Sundbäck et al. 1996, 1997).  However, a subsequent fluorescence study indicated
that the migration could in fact be a direct response to UV-B (Underwood et al. 1999).
Avoidance can also be achieved by means of circadian rhythms that allow an organism to
swim down at noon to depths where radiation intensities are low, as occur in some
dinoflagellates (Tilzer 1973).  However, it should be observed that UVR can alter the motility
and phototaxis of some autotrophic organisms, such as several microalgal species (Häder et
al. 1995).  Moreover, in other organisms, loss of flagella has also been reported (Hessen et
al. 1995).  Thus, in some sensitive organisms, avoidance mechanisms can be severely altered
by UVR exposure.
Another strategy to minimize the effects of UVR is through the presence of UV – screening
compounds.  The most studied compounds are those collectively named mycosporine like
amino acids (MAAs), which are found in many marine and freshwater autotrophic and
heterotrophic organisms (Karentz et al. 1991b, Dunlap & Shick 1998, Banaszak 2003).
Evidence of their protective role upon physiological mechanisms remains still unclear, and in
some cases it seems that they just provide partial protection, as in some cyanobacteria (Garcia-Pichel
et al. 1993).  In other cases, though, MAAs have been proved to be an effective protection
mechanism (Helbling et al. 1996a, Neale et al. 1998a) so that photosynthesis in phytoplanktonic
cells with higher amounts of MAAs was less inhibited.  In benthic diatoms, however, the
production of such protective substances does not appear to be a major strategy.  Although
MAAs have been detected in MPB of shallow - water subtidal sediments, the concentrations
are low and show no significant increase at UV exposure (ambient or increased) (Sundbäck et
al. 1996, 1997, Odmark et al. 1998, Wulff et al. 1999 ), which agrees with the findings of
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Peletier et al. (1996).  Jeffrey et al. (1999) tested 152 algal species and found that diatoms
generally had low concentrations of UV - screening compounds as compared with other algal
groups.  Moreover, Helbling et al. (1996a) found that pennate diatoms (which usually dominate
benthic diatom communities) contained less MAAs than centric diatoms.  Other compounds
may also have a protective role, functioning as UV - screening agents (Banaszak 2003).  For
example, scytonemin is a UV - absorbing extracellular substance found in the sheath of
cyanobacterial filaments (Garcia-Pichel et al. 1992).  In addition, high concentrations of
carotenoids as a result of UVR exposure have been observed in diatom mats (Underwood
1999), some cyanobacteria and chlorophytes (Goes et al. 1994), suggesting an UV-protecting
function of these pigments.
MAAs have also been reported in green, red and brown macroalgae from tropical, temperate
and polar regions (Tsujino et al. 1980, Wood 1989, Karentz et al. 1991b, Karentz 1994, Karsten
et al. 1998a, b).  The concentration of MAAs in macroalgae has been found to be related to
depth zonation and UV exposure (Karentz et al. 1991b).  Their accumulation seems to be
higher under high than under low daily irradiance values (i.e. different latitudes), and moreover,
generally higher in intertidal than that in subtidal algae (Karsten et al. 1998b, Karsten &
Wiencke 1999, Hoyer et al. 2001).  In addition, this accumulation seems to be a wavelength-
dependent process (Karsten et al. 1998a, Franklin et al. 1999, 2001, Karsten & Wiencke 1999),
and an UV-B-mediated increment of these compounds has been shown in a variety of algae
(DeNicola & Hoagland 1996, Molina & Montecino 1996).  In Chondrus crispus, both UV-A
and UV-B stimulated a strong accumulation of shinorine, whereas the content of palythinol
and palythine was mainly stimulated by PAR, indicating a MAA - specific induction triggered
by these wavelengths (Karsten et al. 1998a).  In Palmaria palmata, on the other hand, and
when exposed only to PAR, a 6 - fold increase in the porphyra - 334 concentration was
observed; the treatment receiving PAR+UV-A gave similar results plus to an accumulation of
shinorine; under full solar radiation, accumulation of porphyra - 334, shinorine and palythine
was observed (Karsten & Wiencke 1999).  In addition, in Chondrus crispus, pre - exposure to
blue light followed by growth under natural UV-A led to a 7-fold increase in the synthesis of
shinorine as compared with growth without the blue light pre-treatment (Franklin et al. 2001).
So, it has been hypothesized that there are two photoreceptors for MAAs synthesis in C.
crispus, one for blue light and one for UV-A, which act synergistically (Franklin et al. 2001).
In macroalgae, other types of potentially protective compounds are also found, such as
phlorotanins in brown algae (Pavia et al. 1997) and coumarins in the green alga Dasycladus
(Gómez et al 1998, Pérez-Rodríguez et al. 1998).
In addition, and while UVR – mediated DNA damage occurs in aquatic autotrophic
organisms (Buma et al. 1996, 1997, 2001b, Mitchell & Karentz 1993, van de Poll et al. 2001),
repair mechanisms of the DNA molecule (Buma et al. 2003) are also present (Mitchell &
Karentz 1993).  However, the presence of one or other mechanism (i.e., photoreactivation,
nucleotide excision repair or recombination repair) is clearly dependant on the species under
study and the radiation conditions at which the cells are exposed (Buma et al. 2003).
Finally, acclimation mechanisms to cope with high UVR intensities are important in several
aquatic organisms.  These usually occur on a long–term basis, when organisms have been
exposed for enough time to the stress factor (UVR).  One of these acclimation mechanisms is
the previously mentioned synthesis of MAAs, as found in some natural populations and
cultures of phytoplankton (Villafañe et al. 1995b, Helbling et al. 1996a, Zudaire & Roy 2001).
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However, the synthesis of UV - absorbing compounds is not a general response, and several
species do not show an increase of MAAs content even after several weeks of exposition to
UVR (Behrenfeld et al. 1992, Villafañe et al. 2000).  Acclimation can also occur through a
change in the community composition (Villafañe et al. 1995b), so that those species more
adapted to a particular light regime will dominate.  For example, a natural Antarctic
phytoplankton population dominated by flagellates (80% in terms of carbon biomass), changed
to a diatom dominated population when receiving UVR + PAR; whereas in those samples
receiving only PAR, small flagellates still dominated.  However, diverse responses are
observed in different sites.  For example, Mousseau et al. (2000) in their study conducted with
an estuarine community also observed changes in diversity when samples were exposed to
different radiation treatments.  A shift from a diatom – dominated community to small flagellates
occurred more rapidly in the treatment receiving enhanced UV-B as compared to those
receiving natural UV-B levels.  Clearly, responses are strongly species – specific and depend
on radiation levels and quality to which organisms are exposed.

OTHER PHOTOSYNTHESIS - RELATED EFFECTS

There are a number of UVR effects that are closely related to the photosynthetic performance of
aquatic primary producers.  These effects are due to the couplings between radiation – especially
UVR - and a number of morphological and biochemical factors within the cell (Hessen et al.
1997).  Thus, for example, radiation – induced changes in nutrient uptake, synthesis and allocation
of metabolic compounds, motility / orientation, and cell morphology will result in variations in
photosynthetic rates.  In the following paragraphs we will outline some of these effects - nutrient
incorporation and enzyme activities related to carbon and nitrogen metabolism, accumulation or
damage on pigments.  Specific effects, such as DNA damage, which may induce a reduction in
growth rates (Buma et al. 1995) and hence affecting overall primary productivity, are addressed
in Buma et al. (2003).

Nutrient incorporation / assimilation and enzyme activities

Growth of aquatic autotrophic organisms is dependent not only on carbon assimilation, but also
on the incorporation and assimilation of nitrogen, phosphate, sulfur and several micronutrients
(Lobban & Harrison 1997).  In general, it is considered that UVR – especially UV-B - is an
inhibitor of uptake processes (especially nitrogenous), whereas UV-A stimulates or exerts no
significant effects on the uptake of these ions (Döhler 1997a, b).  In particular, studies carried out
with phytoplanktonic organisms have demonstrated that nitrate and ammonium uptakes are
affected by UVR (Döhler 1987, 1992, Döhler & Buchmann 1995).  Furthermore, Döhler (1992,
1995, 1997a, b), working with several Antarctic and North Sea phytoplanktonic species has
pointed out the diversity of responses among the organisms tested.  Thus, samples dominated by
the prymnesiophyte Pheaocystis pouchetii were very sensitive to UV-B doses (in terms of 15 N-
ammonium uptake), and so were those containing Ceratium sp., Coscinodiscus sp. and Noctiluca
sp. 15N- nitrate uptake was not or only slightly affected by UV-B irradiances (Döhler 1992).  On
the other hand, in experiments conducted with North Sea natural phytoplankton populations,
Döhler & Hagmeier (1997) found that UV-A radiation stimulated 15N – ammonium uptake.
Fewer studies have addressed the effects of UVR on P - uptake of phytoplanktonic cells.  Hessen
et al. (1995), working with the chlorophyte Chlamydomonas reinhardtii, found a stimulation
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under low UV-B doses (< 3.6 kJoules m-2 at 312 nm), but higher inhibition when UV-B doses
were higher.  In addition, studies on UV-B effects carried out in both sandy and muddy sediments
have suggested that the nutrient availability may be an important factor for the susceptibility of
MPB communities to UV-B exposure (Odmark et al. 1998).  Wulff et al. (2000) designed an
experiment to test this hypothesis, and showed that the availability of nutrients indeed can act to
mitigate the effects of UV-B on a microbenthic community on a sandy substratum.
Some studies have also addressed the UVR effects on nutrient incorporation in marine
macroalgae (Franklin & Forster 1997, Häder & Figueroa 1997).  In particular, these studies
have focused on UVR effects upon carbon anhydrase (CA) and nitrate reductase (NR)
activities (Döhler et al. 1995, Flores-Moya et al. 1998, Gómez et al. 1998, Viñegla et al.
2000a, b, Figueroa & Viñegla 2001).  These are important enzymes involved in the
incorporation of carbon and nitrogen within the cell (Turpin 1991), thus any stress factor
that affects them will ultimately influence photosynthesis.  Studies carried out with algae
collected from southern Spain (Flores-Moya et al. 1998, Gómez et al. 1998, Viñegla et al.
2000a, Figueroa & Viñegla 2001) found daily variations (i.e., circadian rhythms) in NR and
CA activities.  In Dasycladus vermicularis it was found that these variations were antagonistic
during the onset of solar radiation, although these changes only partially matched those of
photosynthesis (Gómez et al. 1998), suggesting that these processes are affected differentially
by UVR.  In long-term studies, it has been shown that UV-A radiation stimulated NR
activity, and UV-B decreased both nitrate uptake and NR activities (Viñegla 2000, Viñegla
et al. 2000b).  On the other hand, UV-B radiation seems to stimulate CA activity in eulittoral
algae but not in subtidal (Figueroa 1998, Viñegla et al. 2000b).  In addition, experiments
were conducted to determine the effects of UVR on the activity of Calvin cycle enzymes,
such as ribulose-1,5-biphosphate carboxilase / oxygenase (Rubisco) and glyceraldehyde -3
–phosphate dehydrogenase (G3PDH), and in Arctic macroalgae it was found that the
photosynthetic activity decreased due to the negative effects of UVR upon these enzymes
(Bischof et al. 2000).

Pigments

Several researchers have reported the decrease of photosynthetic pigments due to exposure to
UVR (Helbling et al. 1993, Gerber & Häder 1995, Maske & Latasa 1997).  This reduction can
be due to a combination of factors, such as the inhibition of de novo synthesis and the natural
turnover of pigments, or directly to photobleaching (Maske & Latasa 1997).  Bleaching can
occur not only by UVR, but also due to exposure to high PAR intensities (Maske & Latasa
1997); it is species – specific and also depends on the spectral characteristics of the radiation
treatments imposed to the cells.  Helbling et al. (1993), working with several marine
phytoplankton cultures, found that Nannochloris oculata (Eustigmatophyceae) had a decrease
in chl a content of 30, 60 and 80% under PAR only, PAR + UV-A, and PAR + UVR,
respectively, after being exposed for 4.5 h to solar radiation.  The prymnesiophyte Isochrysis
galbana, on the other hand, did not experience significant changes in chl a content (for the
same radiation treatments) even after 7 h of exposure.  Other experiments have also
demonstrated the differential sensitivity to UVR of various pigments (Quesada et al. 1995),
with the phycobiliproteins being especially sensitive to these wavelengths (Sinha et al. 1995).
Absolute amounts of photosynthetic pigments, commonly used as an estimator of growth in
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autotrophic organisms, seem to be also affected by UVR.  During a long–term experiment,
Helbling et al. (1992b) simulated ozone depletion events by moving Antarctic phytoplankton
towards the Equator, so that the samples were exposed not only to increased levels of UVR,
but also to natural changes in the relative proportions of UV-B and UV-A.  They found a
decrease in the growth rate of Antarctic phytoplankton exposed to UVR as compared to that
exposed to the PAR – only treatment.  However, growth rates were not significantly different
when the samples were incubated under UVR levels similar to those found at their sampling
site in the Antarctic.  Data on long-term experiments conducted in both polar areas (Helbling
& Villafañe 2002) showed that even though photosynthesis was initially affected by UVR
(day 1), growth rates, evaluated either as carbon fixation or chl a content did not show any
significant differences.  In general, studies have demonstrated that different growth
responses due to UVR exposure occur not only among taxa (Jokiel & York 1984, Villafañe
et al. 2000), but also within the same genus.  For example, in the chlorophyte Dunaliella
salina growth rate was not affected by UVR, whereas in D. tertiolecta it was significantly
reduced after 3 days of exposure (Villafañe et al. 2000).
The differential sensitivity of pigments to UVR has also been studied for MPB organisms.
Phycobilins of cyanobacterial mats appear to be more sensitive than chlorophylls and
carotenoids, the latter often increasing at UV-B exposure (Garcia-Pichel & Castenholz 1994,
Quesada et al. 1995, Quesada & Vincent 1997).  However, in experiments conducted on
intact sediment communities dominated by diatoms, no changes in pigment composition
(expressed as ratios to chl a) were observed (Sundbäck et al. 1996, 1997, Odmark et al.
1998, Wulff et al. 1999, 2000), with one exception: higher carotenoid content was observed
at enhanced UV-B levels in a Gyrosigma mat, probably reflecting a UV-B - protecting
strategy (Underwood et al. 1999).
In marine macroalgae, various responses were also found when addressing the effects of
UVR upon various pigments.  Exposure of Porphyra umbilicalis to artificial UVR levels
decreased chl a and phycocyanin concentrations by 65 and 67%, respectively, whereas
carotenoids and phycoerythrin decreased by as much as 75 and 82%, respectively (Aguilera
et al. 1999).  Furthermore, and under ambient levels, UVR not only decreased the
concentration of chl a and biliproteins in the red alga Porphyra leucosticta, but the pattern
of daily variation was also affected (Figueroa et al. 1997b).  The damage of photosynthetic
pigments by UVR in P. leucosticta was suggested to be the cause of a decrease in photosynthetic
rates.  However, in Macrocystis pyrifera, it was found that the main light - harvesting
complex of this alga, the fucoxanthin - chlorophyll protein, was the specific site for UV
damage (Wood 1989).  Finally, in Ulva rigida (Altamirano et al. 1999) and Dasycladus
vermicularis (Pérez-Rodríguez et al. 1998), the content of chlorophyll and carotenoids was
significantly higher in the presence of UV-B than that in the control (PAR - only), suggesting
the presence of an efficient protective – pigment mechanism.

Cell morphology and size

When evaluating the photosynthetic responses to UVR of diverse organisms, some studies
have revealed the importance of cell size (Karentz et al. 1991a, Helbling et al. 1992b, 2001a,
b, Laurion & Vincent 1998).  In phytoplanktonic organisms, it was found that, although
there is certainly variability in responses, small cells – with a relatively high surface to
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volume ratio – are more resistant to photosynthesis inhibition but more vulnerable to DNA
damage (Buma et al. 2001b, Helbling et al. 2001a, b).  On the other hand, and provided that
microplanktonic cells (20-200 µm) do not have high concentrations of UV - absorbing
compounds, they are more vulnerable to UVR (in terms of photosynthesis).  This has been
demonstrated in a comparative study carried out in the Andean lakes (Helbling et al. 2001b),
where it was found that larger phytoplanktonic cells had a higher kinetics of inhibition and
hence were more affected by UVR than smaller cells.  For MPB organisms, on the other
hand, there are contradicting findings as to whether UV-B - related changes in species
composition are related to cell size or are due to taxon - specific sensitivity (Garcia-Pichel
1994, Peletier et al. 1996, Helbling et al. 2001b).  As seen for planktonic algae, increasing
size may occur both on an individual species level, as cell division is hampered (Karentz et
al. 1991a, Behrenfeld et al. 1992), and on community level, as species with larger cell-size
could be favoured (Garcia-Pichel 1994, Wängberg et al. 1996).  For MPB there is some
indication for the latter, but not for the former.  Bothwell et al. (1993) found that large,
stalked diatom species increased their dominance at UV-B exposure during periphyton
succession, and Vinebrook & Leavitt (1996) found that the growth of the small - sized
diatom Achanthes minutissima was suppressed under UV-B exposure.
Besides size, the morphology also seems to influence the response of algae to solar radiation.
This has been shown particularly for macroalgae.  A comparison between the red algae
Porphyra leucosticta and Rissoella verruculosa, which have comparable zonation patterns
at intertidal sites, shows the different photo - protective strategies of these algae (Figueroa
et al. 1997b, Flores-Moya et al. 1998).  This is probably related to different absorption
properties because of the thallus thickness and pigment composition.  P. leucosticta has a
thin thallus consisting of one cell layer in which light transmits rapidly and homogenously
towards the harvesting complexes, whereas in R. verruculosa, which has a more complex
structure, some scattering of photons through the multilayered thallus (self-shading) may
take place.  This was evident when the algae were exposed to full solar radiation, and in
Porphyra UVR accounted for about 30% of the total photoinhibition, whereas no effects
were observed in Rissoella.  In addition, some studies hint about the importance of different
life stages, which are closely related with size.  Although studies have focused on the
macrothallus or adult stages, it is expected that UVR stress would be more evident in the
microscopic life stages (single - and few - celled), mainly due to their structural simplicity.
These studies, in addition, bring about important consequences for algal zonation.  For
example, depth distribution patterns of large kelps have been frequently thought to reflect
the light requirements of establishment stages (spores, embryos, etc).  Paradoxically, most
studies performed to address the relationship between the physiological performance under
different light environments have been done with the large sporophytes, whereas spore
adaptation has been largely overlooked (Huovinen et al. 2000).  The question of whether
early developmental stages of macroalgae, particularly spores, are more susceptible to UVR
than larger life history phases, has been less addressed (Dring et al. 1996a).  If this is so, it
is reasonable to think that the physiological adaptation of spore stages (such as the ability to
acclimate to different light climates) will have consequences for the whole population
dynamics (Reed 1990).
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UVR EFFECTS ON AQUATIC PHOTOSYNTHESIS: CONCLUSIONS AND FU-
TURE RESEARCH

UV can reduce photosynthetic rates of both micro- and macroalgae by direct effects on the
photosynthetic apparatus through (1) pigment photobleaching in the photosynthetic antenna, (2)
reduction of proteins in photosystem II, (3) decrease of enzyme activity in the Calvin cycle, and
(4) inhibition of carbonic anhydrase activity, as well as via indirect effects, such as DNA
damage.  Few studies have analyzed the effects of UVR on photosynthetic responses other than
carbon assimilation, for example nitrogen or phosphorus assimilation.  Thus, analyzing the
effects of UVR on such integrated metabolic processes should become an experimental effort of
high priority.
A fact that complicates the study of UVR effects on photosynthetic organisms is that ozone
depletion is occurring parallel to other global environmental changes, such as the increase in
CO2 and temperature, as well as the increasing eutrophication and acidification of natural    waters.
In order to predict the effects of increased UV-B radiation on aquatic ecosystems it is necessary
to take into account the changes in other environmental factors.  The increase in UV-B levels
does affect algal physiology and ecology, including biogeochemical cycles in the coastal zone
and enhanced radiation may have a significant global - scale climatic impact (Kelly 1986,
Williamson & Zagarese 2003, Zepp 2003).  Changes in productivity or diversity of aquatic
primary producers due to elevated UV-B levels are likely to bring about alterations on several
trophic levels of coastal marine food webs.  Therefore, changes in community structure and
ecosystem function can be expected.
Even ambient UVR levels can have a significant effect on benthic and water-column algal
communities.  For example, a general feature of MPB response is that ambient UV-B levels can
exert a selective pressure on early successional stages on both hard and soft substrata.  However,
systems appear to vary greatly in susceptibility, depending on climate, the availability of refuges
and nutrients, as well as the level of productivity and structure of the food webs.  The local ecological
implication of the initial selective pressure during early colonization will thus depend on the    general
importance of colonization events in relation to UV-B exposure.  In the case of macroalgae, UV-B
may also function as a selective pressure at the time of early colonization and recruitment.
Consequently, macroalgal zonation can be determined by the different resistance against UV-B
radiation of spore germination and growth of young plants (Huovinen et al. 2000).
On a longer time scale, algal resistance, shielding properties of the habitat, and trophic cascades
may counteract UV-B effects on the primary producer level.  For example, increasingly more
studies on already established benthic microalgal and phytoplankton communities suggest a
UV-B - effect minor to that first expected from short-term experiments.  Thus, it is still very
difficult to draw predictive conclusions about a general, long-term effect of UV-B on aquatic
primary producers.  This appears to apply particularly to systems where primary production
depends mainly on benthic microalgae.  Despite the fact that these communities consist of small
organisms, with a rapid turnover, we perhaps still need to address system-level responses to UV-B
on even longer time scales (years), like in experiments conducted on terrestrial communities (Björn
et al. 1999).  However, even results from these terrestrial field experiments show that observed
effects are not unambiguous, particularly as effects can be largely modified by other environmental
factors (temperature and nutrient availability), which may even reverse the initial UVR effects.
We are now at the stage where we can conclude that UVR affects all types of aquatic primary
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producers, although the long-term response at the community level may be highly variable
and modified by both environmental and biological factors.  Future experimental approaches
must include the interaction between different environmental factors in the scenario of
ozone depletion.  Only then can we expand our knowledge on the effects of increased
UV-B, not only at organism level, but also at the community and ecosystem level, which is
crucial for understanding the consequences for aquatic biodiversity and productivity.
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