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Aquatic ecosystems are a key component of the Earth’s biosphere. A large number of studies document substantial
impact of solar UV radiation on individual species, yet considerable uncertainty remains with respect to assessing
impacts on ecosystems. Several studies indicate that the impact of increased UV radiation appears relatively low
when considering overall ecosystem response, while, in contrast, eﬀects on individual species show considerable
responses. Ecosystem response to climate variability incorporates both synergistic and antagonistic processes with
respect to UV-related eﬀects, signiﬁcantly complicating understanding and prediction at the ecosystem level. The
impact of climate variability on UV-related eﬀects often becomes manifest via indirect eﬀects such as reduction in
sea ice, changes in water column bio-optical characteristics, changes in cloud cover and shifts in oceanographic
biogeochemical provinces.

Introduction
Life on Earth has developed in the absence of a stratospheric
ozone layer with much higher UV levels than today.1–3 Surviving populations of organisms likely possessed eﬃcient strategies and physiological mechanisms to prevent and repair
UV-induced damage 4,5 including biosynthesis of UV-absorbing substances, DNA repair mechanisms and enzymes that
reduce photooxidative stress.6,7 It has been postulated that some
of the ﬁrst screening pigments such as scytonemin may have
evolved in cyanobacteria during the Precambrian and allowed
colonization of exposed, shallow-water and terrestrial habitats.8
However, protection is not perfect, and UV-B can cause
molecular damage to lipids, proteins and nucleic acids and it
may exert indirect eﬀects through oxidative stress due to
molecular reactions of UV-B with cellular targets.9
Recent results continue to conﬁrm the general consensus that
solar UV negatively aﬀects aquatic organisms.10–13 Reductions
in productivity, impaired reproduction and development
and increased mutation rate have been shown for phytoplankton,14,15 macroalgae,16,17 ﬁsh eggs and larvae 18,19
zooplankton 20 and primary and secondary consumers exposed
to UV radiation.21–23 Decreases in biomass productivity due to
enhanced UV-B are relayed through all levels of the intricate
food web, possibly resulting in reduced food production for
humans,21 reduced sink capacity for atmospheric carbon
dioxide,24 as well as changes in species composition and ecosystem integrity.25 However, quantitative assessments of UVrelated eﬀects in natural waters are complex because species
respond diﬀerentially to increased solar radiation and other
environmental stress factors. This, in turn, aﬀects physiological
functions such as growth, reproduction and behaviour 26
and the consequent population ﬁtness and species interactions
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Fig. 1 Concept of the aquatic food web aﬀected by ozone depletion
and climate change. PAR, photosynthetic active radiation (400–700
nm); CDOM, coloured dissolved organic material.

(Fig. 1). Consequently, community structure and trophic interaction will change with time and this ultimately will also alter
biogeochemical cycling.27,28
For many aquatic ecosystems, pre-ozone depletion conditions are not known; consequently eﬀects caused by ozone
depletion are diﬃcult to evaluate.29 Impacts of environmental
factors are evaluated mostly on the basis of speciﬁc species
which should be carefully selected for long-term monitoring of
environmental change.30 Species interactions and ecosystem
dynamics are more diﬃcult to evaluate, model and predict.
Feedback mechanisms between aquatic ecosystems, physical
factors and atmospheric and oceanic circulation have signiﬁcant impact on primary productivity and ecosystem integrity, but are not well understood and are diﬃcult to predict.
Photochem. Photobiol. Sci., 2003, 2, 39–50
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Changing environmental conditions may have positive or negative eﬀects on populations and species responses, and interact
either positively or negatively with respect to UV-related
changes,28,31 thus confounding quantitative assessment.32
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Solar UV radiation and penetration in aquatic
ecosystems
Incident solar UV radiation and the depth of penetration into
the water column are key factors in assessing the potential for
damage to aquatic organisms. In addition to the Antarctic
ozone hole,33 increasing ozone loss has been observed over the
Arctic during spring and early summer months.34 Areas with
reduced ozone concentrations 35 separate from the Arctic ozone
hole and pass over Northern and Mid-Europe and sometimes
even cross the European Alps,36 which increases the UV stress
due to gradual ozone loss over mid-latitudes 37 with clearly
demonstrated trends of increasing UV-B radiation.38 Sabziparvar et al.39 have developed a model to describe the global
climatology of the UV irradiation at the Earth’s surface to
predict future UV trends on a global scale.
Aquatic ecosystems diﬀer tremendously in their transparency
and thus the depth of solar UV penetration.40 Absorbing and
scattering substances reduce the transparency of the water,
especially in eutrophic freshwater systems and coastal areas of
the oceans,41,42 while UV penetrates to greater depths in clear
oceanic waters. Often there is a pronounced variability and
seasonal changes in the transparency.43,44 In addition to
inorganic particulate matter, dissolved and particulate organic
carbon (DOC and POC) and various humic substances contribute considerably to the attenuation of short wavelength
radiation.45 DOC is only slowly degraded in the water column
but is broken down by solar UV to smaller subunits,46 which
can be taken up by bacterioplankton, which consequently
increases the transparency of the water column leading to a
deeper penetration of solar UV.47 As a consequence, the concentration of DOC and the mechanisms that inﬂuence its
abundance will have an important impact on the penetration of
UV and the subsequent UV-related eﬀects.48 Another consequence is a shift from autotrophic (photosynthetic) to heterotrophic (consumers) organisms under UV stress.49 Penetration
of solar UV into the water column can be measured with a
number of instruments.50 Recently, the attenuation of biologically eﬀective UV radiation has been measured using biochemical dosimeters based on the formation of cyclobutane
dimers in isolated DNA or on the behaviour of microorganisms.51,52 The impact of solar UV is modiﬁed by the depth
and rate of the mixing layer.53

Bacterioplankton and picoplankton
Bacterioplankton and picoplankton are major constituents in
the production and recycling of energy and nutrients within
aquatic ecosystems. Disrupting the function of these critical
components would have far-reaching impacts on organisms,
including humans, many of which depend on aquatic
ecosystems for their food supply.
Bacteria and small planktonic organisms (nano- and picoplankton) usually are too small to eﬀectively protect themselves
against solar UV by absorbing substances, since there is an
upper limit of the concentration of these substances due to
osmotic eﬀects. These populations overcome the stress of solar
UV (as well as predation and other adverse eﬀects) by fast cell
division and growth. In clear oceanic waters with high UV
penetration, bacterioplankton are aﬀected in the top layers of
the water column. Growth and survival are impaired, and the
activity of enzymes is inhibited. Solar UV damages the DNA
mainly through the formation of pyrimidine dimers 54 which
may cause mutagenesis and cell death.55 As long as the repair
40
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mechanisms keep up with the damage,56 the population is not at
stake; it is only when the dimers accumulate under strong ambient radiation, that the population will decrease.
Solar and artiﬁcial UV radiations were found to have little
eﬀect on the composition of coastal marine bacterioplankton
communities in the North Sea.57 DNA showed only minor
changes under the diﬀerent radiation regimes. Some of the
species were more sensitive than others, but only about 10% of
the species appeared to be aﬀected by UV radiation. The resistance of bacterioplankton to solar UV in these coastal areas
is due to high turbidity and indicates the presence of an eﬃcient
DNA repair system, which has made bacterial evolution
possible.58

Cyanobacteria
Cyanobacteria have a cosmopolitan distribution in both
aquatic and terrestrial ecosystems ranging from hot springs to
the Antarctic and Arctic regions. The signiﬁcant role of these
N2-ﬁxing microorganisms in improving the fertility of rice
paddy ﬁelds and other soils is well documented.59 Cyanobacteria are also prominent constituents of marine ecosystems
and account for a signiﬁcant percentage of oceanic primary
productivity.
UV-B radiation is known to impair motility and photoorientation 60 and to aﬀect a number of other physiological and
biochemical processes in cyanobacteria,21,61 resulting in reduced
overall productivity, germination and diﬀerentiation.62 Photosynthetic pigments can be bleached by UV-B and the structure
of the light harvesting complexes is aﬀected resulting in
impaired photosynthesis.63
Proteins and DNA are the main targets of UV-B.64 Enzymes
of nitrogen metabolism show diﬀerential sensitivity towards
UV-B. In contrast to the inhibition of nitrogenase and glutamine synthetase activity, there was an induction in nitrate reductase activity by artiﬁcial UV-B.62 The primary photosynthetic
reactions and CO2 uptake are aﬀected by UV-B.65 Synechococcus resists UV-B by rapidly exchanging alternate protein
forms in the photosynthetic apparatus. This molecular plasticity may be an important element in community-level
responses to UV-B, where susceptibility to UV-B inhibition of
photosynthesis changes diurnally.66 However, photosynthesis
may be reactivated by UV-A/blue light exposure.67
Cyanobacteria have developed protective strategies to counteract the damaging eﬀects of UV-B. These include (a) production of photoprotective compounds such as mycosporine-like
amino acids (MAAs) and scytonemin,68,69 (b) escape from UV
radiation by migration into habitats with reduced light
exposure,21 (c) production of quenching agents such as carotenoids 70 and superoxide dismutase,71 (d) repair mechanisms
such as photoreactivation and light-independent nucleotide
excision repair of DNA 72 and (e) activity of a number of antioxidant enzymes.73 UV-B induces synthesis of MAAs in a
number of cyanobacteria.74 A polychromatic action spectrum
for the induction of MAAs in Anabaena sp. shows a single
prominent peak at 290 nm.75 In addition to having photoprotective functions, MAAs also play an important role as
osmotic regulators and antifreeze compounds.76 Other UV-Aabsorbing compounds were found to be induced by UV-A.77 A
database on photoprotective compounds in cyanobacteria and
algae 78 is available (www.biologie.uni-erlangen.de/botanik1/
index.html).
Cyanobacteria form large mat communities in e.g. Antarctica. A Leptolyngbya mat showed signiﬁcant photochemical
inhibition under supplemental UV-B, while inhibition was less
prominent in a Phormidium mat.79 The latter contained 25 times
the concentration of UV protecting MAAs and double the concentration of carotenoids compared to the Leptolyngbya mat
showing the ameliorating action of screening pigments. Rai and
coworkers 80 studied the interactive eﬀects of UV-B and heavy
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metal pollution on nitrogen-ﬁxing cyanobacteria and found
synergistic eﬀects of the two stress factors.
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Phytoplankton
Phytoplankton are by far the major biomass producers in the
oceans and thus represent the base of the food web. Their
productivity matches that of all terrestrial ecosystems taken
together.81 A large number of recent studies indicate a considerable sensitivity to solar ambient UV of phytoplankton communities distributed from polar to tropical habitats.82,83 Satellite
studies over the last decade indicate a signiﬁcant global
decrease in phytoplankton.84 The reasons for this are not
known, but the authors suggest increased stratiﬁcation. Solar
UV impairs photosynthesis, bleaches photosynthetic pigments,
nitrogen metabolism and induces DNA damage.85,86 However,
there are eﬃcient protection and repair mechanisms in these
organisms, including the xanthophyll cycle in photosynthesis,
screening pigment production, synthesis of antioxidants and
DNA repair.87–89 While the eﬀectiveness of screening pigments
was postulated but not demonstrated in the past, recent
experiments showed that vital physiological functions were
protected by the presence of MAAs.90
Large-scale quantiﬁcation and assessment of phytoplankton
photochemical characteristics can be determined by pigment
analysis 91 or by airborne monitoring using laser pump-andprobe techniques.92 Systematic monitoring revealed strong daytime declines in photosynthetic quantum yield under ambient
light in the near-surface water layer over large aquatic areas.
Blooms of diatoms or Phaeocystis are common during
Austral spring. Phaeocystis has a high UV absorption, but
there can be a 10-fold variability in the screening pigment to
chlorophyll ratio. Its sensitivity to UV is not clear: several
experimental approaches have suggested that it is more sensitive
to UV than diatoms, which have a signiﬁcantly lower UV
absorption.93 In contrast, other studies show changes in species
composition favouring Phaeocystis.94 Colonial Phaeocystis
antarctica produce a number of MAAs which strongly absorb
in the UV.95
The repair mechanism of the photosynthetic apparatus
was studied in UV-B sensitive and tolerant species of several
alga groups.96 Application of an inhibitor of chloroplast
protein synthesis aggravated the UV-B induced inhibition of
photosynthesis in UV-B tolerant species while it did not in the
sensitive species. Thus, UV-B tolerance of photosynthesis is
associated with recovery capacity and repair. Phytoplankton
are also aﬀected by changing ambient CO2 concentrations.
However, they can acclimate to a wide range of CO2 concentrations.97 It should be mentioned that many results are based
on short-term studies (days). This is quite appropriate, since the
organisms have short generation times on the order of hours or
days. However, genetic adaptation to increased UV stress is
expected to occur on much longer time scales.
Models have been developed to predict the productivity of
phytoplankton communities 98 taking into account the variability in exposure and diﬀerences in sensitivity. Another model
evaluates the role of 3D currents, vertical mixing and turbulence on the growth and dispersion of marine phytoplankton.99
Studies in Patagonia (Argentina), which is occasionally
under the inﬂuence of the Antarctic ozone hole, showed that
photosynthetic inhibition in phytoplankton varies considerably
between diﬀerent environments and it depends on the optical
depth of the water column. The contributions to decreased
photosynthesis of UV-A and UV-B were approximately equal
and maximum inhibition was about 35% at the surface.100
Freshwater phytoplankton seem to be more inhibited by solar
UV than marine phytoplankton. There was also signiﬁcant
DNA damage (cyclobutane pyrimidine dimers, CPD), which
was higher than in tropical seawater.101 However, in evaluating the impact of solar UV it is necessary to monitor other

variables such as changes in cloud cover, species composition
including cell size distribution, and depth of the mixed layer.
The importance of cloudiness has been shown by an analysis
of solar irradiance measurements from Ushuaia (Argentina)
and Palmer (Antarctica). Calculations showed that the biologically eﬀective daily UV doses changed to a larger degree due
changing cloud cover than with ozone depletion.102
Sensitivity to natural UV radiation varies considerably
between dominant phytoplankton species as shown in three
Arctic lakes.103 Growth of small chlorophytes, diatoms and
cyanobacteria was impaired mainly by short wavelength UV
while the larger colony forming species were stimulated. Since
the latter species are not preferred food for Daphnia they
dominated in the end of the experiment.

Macroalgae and seagrasses
Macroalgae and seagrasses are important biomass producers
along the coastlines and on the continental shelves. They are
exploited commercially on a large scale and form habitats for
larval stages of ﬁsh, shrimp, crustaceans and other ecologically
and economically important animals. Both short- and longterm exposure to solar radiation inhibits growth in adult stages
of several species of macroalgae.104 Photosynthesis is seriously
impaired in red, brown and green algae 105–107 resulting in
reduced oxygen production.108 Susceptibility of marine macroalgae to UV is highly variable among species which results in
a speciﬁc depth distribution of species.109 Deep-water species
are generally more sensitive to UV radiation than intertidal
species.110 This can be easily demonstrated by transplantation
experiments of algae from deep to shallow waters.111 Eulittoral
and upper sublittoral species generally tolerate or acclimate to
UV.112
In King George Island, Antarctica, biomass productivity and
species diversity decreased at 20 m, probably due to limited
light conditions.113 Also in the Arctic fjords primary productivity of seaweeds is strongly aﬀected by the availability of solar
radiation.114 Even though the downwelling solar UV-B radiation never exceeded 0.27 W m⫺2, UV radiation penetrated
deeply into the water column and aﬀected primary productivity
to a depth of 5–6 m. The harmful eﬀects were ameliorated
during summer following the inﬂux of turbid fresh water from
snow and glacier ice into the fjord water, increasing the light
attenuation in the top water layer.
Many macroalgae produce one or several UV absorbing substances.115 Most MAA-producing species belong to the red
algae, followed by brown algae, and only a few green algae
produce MAAs.78 Three diﬀerent types of protection by UV
screening pigments have been found: one group (sublittoral
algae not likely to be exposed to higher doses of solar UV) does
not synthesize UV absorbing pigments at all; another group
produces high amounts of MAAs, but they cannot be further
induced by exposure to any radiation.78 This group includes
supralittoral species with high natural exposure to solar UV. In
the third group, MAA production can be induced by solar radiation. MAAs are very stable compounds and are not easily
modiﬁed by heat, UV or extreme pH.116,117 A polychromatic
action spectrum was determined for the induction of MAAs in
the chlorophyte Prasiola stipitata showing a clear maximum at
300 nm.118 In contrast, in the red alga Chondrus crispus blue
light and UV-A radiation control the synthesis of MAAs, but
the induction by UV was not investigated.119 While most algae
use MAAs, a few produce diﬀerent types of UV-absorbing
compounds.120
Young developmental stages of algae (zoospores, gametes,
zygotes and young germlings) are extremely susceptible to
UV radiation stress: 121 Mortality of zoospores of kelp species
from southern Spain was induced by UV radiation (more by
UV-B than by UV-A).122 In kelp zoospores there is loss of
viability, cellular disintegration and impairment of motility and
Photochem. Photobiol. Sci., 2003, 2, 39–50
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phototaxis.123 DNA damage (pyrimidine dimers) increased
linearly with UV-B dose.122 Zoospores of the shallow water
species Chordaria ﬂagelliformis need higher UV doses than
the mid-sublittoral species Laminaria saccharina to suﬀer
mortality.122 Polarity formation, mitosis and cytokinesis during
development of brown algae zygotes are aﬀected.
The green alga Chara is regarded as a link to higher
plants, which makes it interesting for research on UV-related
responses. Under elevated UV-B there was an increased vegetative reproduction while generative reproduction was
suppressed. UV-B did not induce the synthesis of protective
pigments in this alga.124
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Zooplankton
Zooplankton are primary consumers in the aquatic food web,
providing a vital link to populations, including humans, that
depend upon aquatic ecosystems for their food supply. In
earlier research the vertical migration of zooplankton into
lower and darker water layers was explained by the avoidance
of visually oriented predators (e.g., ﬁsh). Today UV exposure is
assumed to be a contributing, hazardous factor.125
The sensitivity of zooplankton to UV radiation was tested
for several species of Daphnia that diﬀered in their pigmentation.126 Both melanin and carotenoid pigments protect these
organisms from UV. Under UV, all Daphnia species moved
deeper into the water, but the extent of the response was
inversely correlated with the pigmentation—the lighter pigmented species migrating deeper into the water column.127 In
another experiment Daphnia was found to migrate away from
the surface at midday and in late afternoon, while animals in
UV shielded controls remained closer to the surface. However,
the vertical swimming behaviour itself, as well as their phototactic orientation, is impaired by exposure to full spectrum
solar radiation.128,129
Large variability was found in the concentration of the
photoprotective compounds, MAAs, among zooplankton from
lakes located along an elevation gradient.130 The concentration
of these photoprotective compounds was inversely related to
the attenuation coeﬃcient of the water and in the lakes. MAAs,
together with other photoprotective compounds, play a major
role in minimizing the damaging eﬀects of solar UV radiation
in zooplankton from transparent lakes. UV-B is a major stress
factor for zooplankton, particularly in high mountain lakes,
which have high transparency, especially above the tree line.40
The copepod Calanus is a key component in marine zooplankton communities in the Gulf of St. Lawrence (Fig. 2).
Eggs are released in spring and summer in shallow water and
incubate for 1–3 days. At current levels, UV radiation has a
negative impact on eggs residing in the ﬁrst few meters of
the water column.131 Again, variability in cloud cover, water

Fig. 2 Photograph of the ﬁfth copepodite of Calanus marshallae
Frost. (Photo by Jaime Gomez-Gutiérrez.)
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transparency and vertical distribution may have a greater
eﬀect on UV-B exposure than ozone depletion. Kuhn and
coworkers 132 have modeled the UV induced mortality in the
early life stages of Calanus ﬁnmarchicus. The lowest modeled
daily survival was 59% under ambient ozone and 49% under
simulated 50% ozone loss.
The copepod Diaptomus showed no increased mortality during food shortage when incubated at 0.5 m in a clear-water lake,
but food-replete animals did. These results show that UV tolerance is not aﬀected by short-term lack of energy or nutrients.
Under artiﬁcial UV the animals showed high mortality, which
could not be improved by feeding.133
Usually organisms tolerate damaging UV better if they are
exposed to low irradiances for a longer time (in the presence of
UV-A or visible light) than to high irradiances for a short time
(indicating the lack of reciprocity), because their photorepair
system keeps up with the damage.134 However, in some strains
there is reciprocity, due to a lack of photorepair. In Asplancha
and Daphnia the oﬀspring died if no photorepair-inducing
radiation was provided.

Secondary consumers
Although humans use about 8% of the productivity of the
oceans, that fraction increases to more than 25% for upwelling
areas and to 35% for temperate continental shelf systems. For
about one-sixth of the world’s population (primarily developing nations), the oceans provide more than one-third of their
animal protein. Many of the ﬁsheries that depend upon the
oceanic primary productivity are unsustainable. Although the
primary causes for a decline in ﬁsh populations are predation
and poor food supply for larvae, overﬁshing of adults, increased
water temperature and pollution and disease; exposure to
increased UV-B radiation may also contribute to that decline.
The eggs and larvae of many ﬁsh are sensitive to UV-B
exposure. However, imprecisely deﬁned habitat characteristics
and the unknown eﬀect of small increases in UV-B exposure
on the naturally high mortality rates of ﬁsh larvae are major
barriers to a more accurate assessment of ozone depletion on
marine ﬁsh populations.
In the Gulf of Maine, UV-A penetrates to 23 m and UV-B to
7–12 m where the embryos and larvae of the Atlantic cod
develop. Exposure to UV equivalent to 10 m depth resulted in a
signiﬁcant mortality of developing embryos and a signiﬁcant
decrease in length of larvae.135 These irradiances occur in many
temperate latitudes where these ecologically and commercially
important ﬁsh spawn.
After exposure to solar UV larvae had lower concentrations
of UV absorbing compounds and greater DNA damage. However, they had higher activities of the antioxidant superoxide
dismutase and transcriptional activator p53. p53 is expressed in
response to DNA damage and can result in cellular growth
arrest during the cell cycle or to programmed cell death (apoptosis). Cellular death caused by apoptosis is the most likely
cause of mortality in embryos and larvae in these experiments,
while the smaller size at hatching in those larvae that survived is
caused by permanent cellular arrest in response to DNA
damage.
In another experiment, the eﬀect of UV on the success of
early life history stages of bluegills was tested for ﬁsh from two
lakes with diﬀerent underwater UV environment. Survival was
as low as 20% at 0.1 m, but higher at 1 m depth. Embryos
responded similarly to UV exposure regardless of the lake of
origin. UV-B is an important factor in the success of early life
history stages especially in high transparency lakes. Bluegills
constructed their nests deeper in a lake with high UV transparency than in a less transparent lake.136
Fingerling channel catﬁsh were found to be quite sensitive to
solar UV-B.137 After a 24 h exposure, thinning of the dorsal
epidermis was observed accompanied by edema and sunburn
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cells. After 48 h exposure, cell death and sloughing of the outer
epidermal layer were widespread.
The impact of UV on Atlantic cod eggs and larvae was studied in the estuary and Gulf of St. Lawrence 22 in comparison
with the ambient levels of UV radiation and penetration in this
subarctic marine ecosystem. Exposure to UV-B produced a
signiﬁcant negative eﬀect; however, these direct eﬀects are likely
to be minimal within the context of all the other environmental
factors that produce the very high levels of mortality typically
observed in their planktonic early life stages.
Also in the Gulf of St. Lawrence, certain larval stages of the
American lobster spend the daylight hours in the top two
meters of the water column throughout the breeding season.
Lobster larvae may therefore be exposed to high doses of UV
radiation; yet larvae exposed to radiation had a mortality rate
comparable to that of protected larvae.138 This outcome suggests that lobster larvae are tolerant to UV radiation. A combination of adaptations to planktonic life near the surface, such
as production of light-blocking pigments and other eﬀective
mechanisms, may account for the relative resistance of lobster
larvae to UV radiation.
There is quantitative evidence for global amphibian population declines.139 One extensive study was based on largescale temporal and spatial variations in amphibian population
trends from 936 populations in North America and Western
Europe.140 On a global scale, the data indicate rapid declines
from the late 1950s to the late 1960s with subsequent
slower declines. These declines have complex causes, including
pathogen outbreaks, interannual variability in precipitation,
climate-induced changes and possibly UV-B exposure.141
Climate-induced reductions in water depth at sites where eggs
are laid have caused high mortality of embryos due to increased
exposure to solar UV-B radiation and subsequent vulnerability
to infection. Precipitation is strongly linked to El Niño events
underscoring the role of large-scale climatic patterns. Elevated
surface temperatures aﬀect the climate over much of the world
and if warming continues this could be responsible for future
pathogen-mediated amphibian declines in many regions. While
a number of studies have not found evidence for negative eﬀects
of UV radiation on amphibian early embryonic development,142 sublethal eﬀects that can manifest themselves at later
developmental stages can occur.143 In addition, another study
on frogs did not ﬁnd clear evidence for reduced hatchability or
increased frequency of developmental anomalies of embryos
exposed to ambient UV-B.144 However, hatchling size was signiﬁcantly larger when UV-B was blocked, indicating that solar
UV-B has a negative eﬀect on early hatchling growth. In yet
another study, enhanced UV-B was found to induce high
mortality and damage to the skin and ocular system of two
other species of tadpoles.145 After 1 month of hatching only
3–18% survived under enhanced UV-B as compared to 52–55%
at ambient radiation and 44–65 % in the controls. A series of
careful studies tried to assess the risk of solar ultraviolet radiation to the northern leopard frog (Rana pipiens) in 26 North
American wetlands.146,147 Full sunlight caused approximately
50% mortality of the frogs during early larval development and
about 97% hindlimb malformations.146 Filtering the UV-B
wavelengths out almost completely eliminated the eﬀects. The
diﬃculty arises when one tries to evaluate the radiation doses
perceived by the organisms in their natural habitat. This depends on shading, the attenuation in the water column and the
behaviour of the animals.147 On the basis of radiation monitoring over the year and behavioural observations, the authors
conclude that estimated UV-B doses never exceeded detrimental levels in 21 of the 26 wetlands in Minnesota and
Wisconsin.147 However, continued reduction of ozone and other
climate change eﬀects may increase UV doses above the damage
threshold.
The catastrophic declines in corals and sea urchins on a
global scale are only partially oﬀset by some local recover-

ies.148,149 Multiple factors seem to be responsible for these
declines, including rising temperatures, pollution and other
anthropogenic causes. While protection by UV absorbing
pigments has been shown for many species,150 a primary eﬀect
of increased solar radiation on survival and growth is still
uncertain.

Ecosystems
All ecosystems are aﬀected by gradual changes in important
environmental factors including climate, nutrient loading,
habitat fragmentation or biotic exploitation.151 In addition,
ecosystems are now being subjected to relatively rapid anthropogenic climate and UV-related changes which may lead to
large shifts in the system.148 Also, it is at the ecosystem level
where assessment of anthropogenic climate change and UVrelated eﬀects are confounded and where there is the potential
for both synergistic and antagonistic eﬀects. Recent studies
have shown that these changes may lead to loss of ecosystem
resilience that often drives the system into a diﬀerent structure.
This is particularly important when strategies for sustainable
management of ecosystems are developed. The seasonal timing
of anthropogenic changes is critical. For example, in the Arctic
and the Antarctic ecosystems as well as many temperate freshwater biotopes the onset of spring phytoplankton blooms and
spawning in invertebrates as well as vertebrates coincides with
ozone depletion as well as shifts in several climate-related
parameters. Ozone monitoring and ground-based measurements show a clear downward trend of stratospheric ozone,
with attendant increases in UV-B, over both polar regions.

Freshwater ecosystems
Olesen and Maberly 152 have measured oxygen production in
natural phytoplankton populations from a freshwater lake
in situ at mid-summer. They show that ﬂuxes of PAR, UV-A
and UV-B accounted for 81% of the variation in gross photosynthesis and that UV-A was more inhibitory than UV-B radiation. In another study the impact of UV-B on food quality in
four western boreal toad breeding ponds was carried out.153
These workers found that ambient solar UV-B exposure decreased protein concentration, shifted the community composition of algae and reduced the food quality within the ponds.
Williamson and co-workers have shown that in order to
evaluate anthropogenic impacts on lakes a variety of parameters need to be assessed. These parameters should include
acid precipitation, heavy metal and toxic organic contaminants,
and the concentration of CDOC (coloured dissolved organic
carbon), in addition to increased UV radiation and changes due
to global warming.154 Further, the anthropogenic acidiﬁcation
often causes changes in zooplankton community structure,
which in turn also aﬀects zooplanktivourous predators.155

The Antarctic aquatic ecosystem
An assessment of UV-B eﬀects for polar aquatic ecosystems is
complex and requires consideration of the ecosystem as a whole
(Fig. 3). In particular, climate variability has been shown to have
important synergistic inﬂuences on UV-B. Because of being
close to freezing temperatures, polar ecosystems are particularly sensitive to change because the freeze/thaw boundary
applies critical limits to subsequent environmental responses
including: air and water temperature, the timing, extent and
duration of ice and snow cover, changes in the surface albedo,
changes in water column CDOM concentrations and the
level of solar radiation and its penetration depth. Such changes,
driven by climate variability, may be more important for
UV-B exposure levels and spectral balance between UV-B
and PAR than ozone depletion. In addition, the known
increases in UV-B from reduction of stratospheric ozone may
Photochem. Photobiol. Sci., 2003, 2, 39–50
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Fig. 3 Antarctic ecosystem with research vessel Tangaroa, New
Zealand, in the background.

be augmented or reduced by changes in cloud cover related to
climate variability. A summary of nearly a decade of ship and
satellite observations along the western Antarctic Peninsula
showed a very large (nearly an order of magnitude) interannual
variability both spatially and temporally.156 From the perspective of trying to understand the possible inﬂuence of a multitude of environmental factors, such as ozone-related enhanced
UV-B, cloud cover and sea ice season, this large interannual
variability makes it diﬃcult do attribute cause and eﬀect.
Recent work conﬁrms changes in UV eﬀects consistent with
the physiological eﬀects of temperature, both directly on
photosynthesis as well as indirectly through the enzymes involved in repair of UV damage.98 These authors concluded that
changes in temperature can have strong eﬀects on UV sensitivity, and point out the importance of repair processes. Thus,
ecological response to climate variability with attendant
indirect UV-related eﬀects may mask direct ozone-related UV
eﬀects. While the ecological signiﬁcance of enhanced ozonerelated UV radiation continues to be debated, the ecological
response to a statistically signiﬁcant warming trend in the western Antarctic Peninsula region over the past half century, with
corresponding reduction in sea ice extent, has been demonstrated for several trophic levels.157,158 It is well documented that
changes in underwater UV exposure have the capacity to directly aﬀect the species composition of aquatic biota at various
trophic levels and to cause eﬀects that may cascade throughout
the trophic structure.159 It is also clear that this complex combination of direct and indirect eﬀects will result in future
changes in aquatic ecosystem structure. However, the individual
contribution of climate variability and ozone-related increases
in UV radiation are extremely diﬃcult to untangle and/or
predict.
Marine plankton can be used as sensitive indicators of UV-B
ﬂuctuations at the Earth’s surface. Signiﬁcant UV-B penetration occurs to 20–30 m.160 A ﬁrst report indicated a close
correlation between DNA damage and UV-B irradiance in
Antarctica.161 DNA dosimeters were 2–4 times more sensitive
than small phytoplankton, indicating that photoprotective and
DNA repair mechanisms reduce DNA damage in bacterioplankton and phytoplankton. However, phytoplankton had
higher DNA damage levels after daily exposure than bacterioplankton. This is in contrast to the ﬁndings by Jeﬀrey et al.
in the Gulf of Mexico.162 This could indicate a more eﬃcient
photorepair in bacteria, depending on temperature.

The Arctic aquatic ecosystem
Ozone monitoring and ground-based measurements show a
clear downward trend of total column ozone of ⫺6.1% per
decade for April and ⫺3% per decade for June (1979–1999);
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however, there is large variability.163 Calculations using a multiple scattering radiation transfer model for the period from
1979 to 1999 predict increases in ground-based UV of 8% per
decade (April); however, high surface albedo and cloud cover
may strongly aﬀect the UV level.
Aas and co-workers have characterized the attenuation of
solar radiation both in Atlantic and coastal waters of the Barents Sea and Nordic Seas.164 They have documented both the
spatial and seasonal variability of water transparency and the
attenuation of UV radiation for these waters. Available data
suggest that Arctic marine phytoplankton populations may be
more sensitive to solar UV radiation than their Antarctic counterparts;165 however, the role of long-term acclimation processes
is not clear. In both areas there was a shift in species composition to diatom-dominated assemblages, which are capable
of synthesizing UV screening compounds. Available results
indicate that currently measured UV levels do not seriously
aﬀect macroalgal communities in high Arctic coastal ecosystems. While growth and photosynthesis are aﬀected by solar
UV-B, all species studied so far have suﬃcient acclimation
potential to cope with moderately increased UV levels.166
Sea ice and snow are highly scattering and absorbing and
therefore their presence or absence has a very large inﬂuence on
the penetration of UV radiation. Perovich has measured the
spectral transmittance of snow and sea ice.167 He shows, for
example, that 10 cm of snow reduces UV-B transmittance by
about a factor of 40, which protects the biota from UV but
which allows a substantial amount of visible radiation to penetrate. The potential risk is that there is a large step-up in UV
impact on non-adapted organisms when the ice melts. UV
albedos can range from above 0.9 for fresh snow to 0.7 for ice
and 0.2 for ice with melted surface areas (ponded ice).
Due to the extreme climatic conditions in combination with
anthropogenic contamination, increased solar UV-B may have
a considerable impact on freshwater ecosystems.168 Most Arctic
freshwater ecosystems are characterized by low nutrient concentration, low temperature—and consequently low productivity and low DOC—making them particularly vulnerable to UV
stress. These characteristics are also found in high alpine
lakes.169 Changes in underwater UV exposure directly aﬀect
species composition of the biota at each trophic level. The
abundance of cyanobacteria in microbial mats indicates their
eﬃcient defense mechanisms including absorbing pigments and
vertical migration.170 In the future the largest changes in UV
exposure in the Arctic may be associated with changes in water
quality and vegetation linked with climate change, and there is
evidence of substantial warming over the last 30 years in some
regions of the Arctic.171 In addition, this warming has lead to a
statistically signiﬁcant reduction in the temporal period of ice
cover in many circumarctic lakes which results in increasing
periods of UV exposure in the water column.172 Changes in UV
exposure may inﬂuence not only species composition but
also cause a shift in the balance between benthic and pelagic
primary production as has been shown by paleo-optical studies
of subarctic lakes during the Holocene.173
The zooplankton food chains are rather simple with only few
species dominated by melanic (pigmented) morphs of Daphnia
species.174 While a number of potential eﬀects can be deduced
from laboratory and ﬁeld studies, well-founded conclusions on
UV-induced community eﬀects are premature at this stage.
Synergistic eﬀects of UV and other stress factors as well as lack
of food due to low primary productivity or change in food
quality under increased UV radiation may make zooplankton
more vulnerable.175

Interactions between UV-B increases and other
environmental factors
In addition to higher levels of solar UV-B radiation, aquatic
ecosystems are confronted with other environmental stress fac-
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tors including increased nutrient input, pollution, acidiﬁcation
and global climate change. In turn, climate change will result in
water temperature and sea level change; shifts in the timing and
extent of sea ice cover; changes in salinity and altered stratiﬁcation of the water column, wave climate and ocean circulation;
and these eﬀects will be linked by feedback mechanisms
which are not yet completely understood.176 These complex
changes are likely to have signiﬁcant impacts that will vary both
spatially and temporally, including biological production
(including human marine resources) as well as changes in the
global hydrological cycle, vertical mixing and eﬃciency of CO2
uptake by the ocean. Ozone-related increases in UV-B are an
important additional ecological stress that will have both positive and negative impacts in association with the other factors.
Several recent reviews have tackled the interaction between
climate change and ozone depletion.174,177–179 Ozone depletion
has occurred only during the last few decades,180 exceeding 50%
of the pre-ozone hole concentrations at some locations.
Because of the strict control measures imposed, the concentrations of ozone depleting substances will decrease during the
next decades.181 However, increasing CO2 concentrations will
result in warming of the troposphere and simultaneous cooling
of the stratosphere, which favours further ozone destruction.182,183 One of the possible feedback mechanisms is changes
in cloud cover and increased rainfall.
Direct monitoring of the ambient and yearly average temperatures are restricted to about 120 years in Europe and much less
in other parts of the world,184–186 although information on past
temperatures can be extracted from ice core and sediment
records.187 Non-anthropogenic changes of ambient temperature
ﬂuctuated over millennia, while the recent global climate
change has occurred on the order of a few decades. Expected
and already measured temperature changes are not uniform
over the surface of the earth. While on the Antarctic Peninsula
a decrease in sea ice was observed over the last two decades,188
increases in ice cover were monitored over most of the Antarctic continent.189 Temperature changes signiﬁcantly aﬀect
carbon assimilation, and even small changes could alter species
competition, timing of reproduction and hatching success.190–192
Changing temperatures can lead to sea ice variability, altered
nutrient cycling, food availability and trophic interactions.32
Melting of sea ice, with relatively fresh water, provides water
column stability, thus enhancing springtime phytoplankton
blooms. Recent work has shown that glacial melt water
(enhanced due to the past century’s warming trend in the
Antarctic peninsula) is associated with enhanced productivity,
extending over 100 km oﬀshore.193 Field experiments have
shown that higher temperatures increase colonization by
cyanobacteria and increase arthropod populations. Changes in
species composition and expansions of macroalgae populations
have been reported in response to local temperature increases.194
Changes in ice cover will modify gas and heat exchange between
the ocean and the atmosphere,195,196 and incident light and UV
penetration into the water column will be aﬀected. Consequently carbon ﬂuxes and photosynthesis of phytoplankton
and ice communities will be aﬀected.29 Thus, changing temperatures aﬀect primary consumers as well as secondary
consumers, trophic dynamics and biogeochemical cycling.197–200
There are major feedback loops between climate change and
other environmental variables and primary productivity. The
primary producers are responsible for large uptake of atmospheric CO2, part of which is sunk into the marine sediments as
oceanic snow. Because of physiological diﬀerences in the substrate aﬃnity of the CO2 ﬁxing enzymes in diﬀerent organisms,
changes in the partial pressure will alter autotroph diversity.201
With phytoplankton productivity being aﬀected by climate
change, this will simultaneously modify the degree of climate
change.199,202–204 Increasing temperatures enhance rainfall and
melting of glaciers and ice shelves augmenting the runoﬀ
of melt water and stabilizing the stratiﬁcation of the water

column, which in turn increases the sedimentation of particulate organic matter. Pronounced stratiﬁcation decreases nutrient concentrations of coastal waters and increases UV-B
exposure of phytoplankton.205,206

Conclusions and consequences
All ecosystems are likely to be aﬀected by gradual changes in
important environmental factors, including climate, nutrient
loading, habitat fragmentation or biotic exploitation. As with
other environmental stress factors, UV-B elicits species-speciﬁc
responses with a high degree of intraspecies variation. Potential
consequences of enhanced levels of exposure to UV-B radiation, demonstrated in recent experiments, include loss of biomass, including food sources for humans; changes in species
composition; decrease in availability of nitrogen and other
nutrients; and reduced uptake capacity for atmospheric carbon
dioxide, resulting in the potential augmentation of global
warming. Temperature changes in Antarctica can, for example,
signiﬁcantly aﬀect carbon assimilation, and even small changes
could alter species competition, timing of reproduction, and
hatching success. Changing temperatures also have indirect
eﬀects, such as changes in sea ice variability, and altered nutrient cycling and food availability within the food web. In addition, there is emerging evidence that global warming and acid
precipitation may allow increased penetration of UV-B and
UV-A radiation into aquatic environments, predominantly
through decreases in attenuation of radiation by dissolved
organic carbon. Although there is signiﬁcant evidence that
increased UV-B exposure is harmful to aquatic organisms,
damage at the whole ecosystem level is still uncertain. In the
Arctic, however, while growth and photosynthesis are aﬀected
by solar UV-B, all species studied so far have suﬃcient acclimation potential to cope with moderately increased UV levels.
One of the most important concepts for assessing the impacts
of enhanced levels of UV-B exposure on aquatic ecosystems is
that complex rather than simple responses are likely to be the
rule. Responses will not be limited to simple decreases in primary production. In fact, shifts in community structure may
initially be more common and result in small, yet detectable
diﬀerences in ecosystem biomass.
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