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The effects of ozone depletion on global biogeochemical cycles, via increased UV-B radiation at the Earth’s surface,
have continued to be documented over the past 4 years. In this report we also document various effects of UV-B that
interact with global climate change because the detailed interactions between ozone depletion and climate change are
central to the prediction and evaluation of future Earth environmental conditions.

There is increasing evidence that elevated UV-B has significant effects on the terrestrial biosphere with important
implications for the cycling of carbon, nitrogen and other elements. Increased UV has been shown to induce carbon
monoxide production from dead plant matter in terrestrial ecosystems, nitrogen oxide production from Arctic and
Antarctic snowpacks, and halogenated substances from several terrestrial ecosystems. New studies on UV effects on
the decomposition of dead leaf material confirm that these effects are complex and species-specific. Decomposition
can be retarded, accelerated or remain unchanged. It has been difficult to relate effects of UV on decomposition rates
to leaf litter chemistry, as this is very variable. However, new evidence shows UV effects on some fungi, bacterial
communities and soil fauna that could play roles in decomposition and nutrient cycling. An important new result is
that not only is nitrogen cycling in soils perturbed significantly by increased UV-B, but that these effects persist for
over a decade. As nitrogen cycling is temperature dependent, this finding clearly links the impacts of ozone depletion
to the ability of plants to use nitrogen in a warming global environment. There are many other potential interactions
between UV and climate change impacts on terrestrial biogeochemical cycles that remain to be quantified.

There is also new evidence that UV-B strongly influences aquatic carbon, nitrogen, sulfur, and metals cycling that
affect a wide range of life processes. UV-B accelerates the decomposition of colored dissolved organic matter
(CDOM) entering the sea via terrestrial runoff, thus having important effects on oceanic carbon cycle dynamics.
Since UV-B influences the distribution of CDOM, there is an impact of UV-B on estimates of oceanic productivity
based on remote sensing of ocean color. Thus, oceanic productivity estimates based on remote sensing require
estimates of CDOM distributions. Recent research shows that UV-B transforms dissolved organic matter to
dissolved inorganic carbon and nitrogen, including carbon dioxide and ammonium and to organic substances that
are either more or less readily available to micro-organisms. The extent of these transformations is correlated with
loss of UV absorbance by the organic matter. Changes in aquatic primary productivity and decomposition due to
climate-related changes in circulation and nutrient supply, which occur concurrently with increased UV-B exposure,
have synergistic influences on the penetration of light into aquatic ecosystems. New research has confirmed that UV
affects the biological availability of iron, copper and other trace metals in aquatic environments thus potentially
affecting the growth of phytoplankton and other microorganisms that are involved in carbon and nitrogen cycling.
There are several instances where UV-B modifies the air—sea exchange of trace gases that in turn alter atmospheric
chemistry, including the carbon cycle.

Introduction

Former UNEP reports have assessed the impacts of UV-B on
biogeochemical cycling in terrestrial and aquatic ecosystems.'?
The term “biogeochemical cycles” is used here to refer to the
complex interaction of biological, chemical, and physical pro-
cesses that control the exchange and recycling of matter and
energy at and near the Earths surface. Research on biogeo-
chemical cycles focuses on the transport and transformation of
substances in the natural environment. Here, we report on new
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findings that highlight the importance of UV-B impacts on
biogeochemistry or modify our earlier understanding. UV
effects on biogeochemical cycling also have the potential to
interact with effects on carbon and nutrient cycling mediated
through current climate changes and predicted changes in
climate (IPCC)*. We present evidence here for such interactive
effects as well as the basis for expecting potentially important
effects that have not yet been demonstrated.

Terrestrial ecosystems

Changes in solar UV radiation can affect terrestrial bio-
geochemistry in at least two important interconnected ways.
Firstly, the effects can involve the cycling of carbon including
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Fig. 1 Conceptual model illustrating the potential effects of enhanced UV radiation and climate change on biogeochemical cycles in terrestrial
ecosystems. The evidence and bases for numbered hypotheses and processes relating to specific effects are discussed in the text. Key: CO = carbon
monoxide, NOx = oxides of nitrogen, CH, = methane, CO, = carbon dioxide, VOC = volatile organic compounds.

its capture (photosynthesis), storage (biomass and soil organic
matter content) and release (plant and soil organism respir-
ation). Secondly, UV exposure can affect the cycling of mineral
nutrients such as nitrogen, upon which plant production and
ecosystem productivity are dependent (Fig. 1).

A review of UV effects on biogeochemical cycles* published
since the last UNEP report’, demonstrated the complexity
of UV impacts on decomposition processes which are species
and system-specific, and suggested that, overall, the effects
were small and transient. However, there have been new
studies, some of which show particular effects of UV-B on
carbon and nitrogen cycling that are likely to be important
in the long term. The implications of this recent research are
presented here.

UV effects on terrestrial biogeochemistry

Carbon cycling. The capture of atmospheric carbon dioxide
by green plants in photosynthesis and its storage in plant tissues
(phytomass) is the fundamental process that supports life in the
biosphere. The accumulation of dead organic matter in soils
also stores carbon, making it less available as a greenhouse gas
in the atmosphere. In contrast, the microbial respiration of
organisms that decompose dead organic matter in the soil,
together with the respiration of other organisms in the bio-
sphere, return carbon to the atmosphere where it adds to exist-
ing greenhouse gases. Sometimes the gases released, such as
methane and carbon monoxide, are chemically active and could
alter atmospheric chemistry.

A quantitative review by Searles ef al.’ of experiments seek-
ing to identify the effect of UV on plants showed that shoot
biomass and leaf area were decreased modestly by UV-B
enhancement. However, shoot biomass was reduced only under
very high levels of UV-B. Increased UV-B radiation was sug-
gested to have little direct impact on carbon capture and stor-
age in phytomass. Specific systems might, however, deviate from
this general trend. Shoot density (number per m?) and height of
a bog moss (Sphagnum fuscum) in a subarctic mire were
reduced, although productivity was not affected over a two
year period, probably due to high variability in the biomass
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data.® However, changes in the number of shoots could have
long-term implications for biomass.

Microbial decomposition controls carbon and nutrient
storage in soils, release to the atmosphere and availability to
plants. Decomposition is controlled by numerous physical and
biological parameters. Among the most important are temper-
ature, soil moisture and the chemistry of the dead organic
matter substrate. UV-B affects the chemistry of living leaves
and these changes are often inherited by litter (dead organic
material that falls to the ground).! Paul et al.* showed that the
chemistry of leaf litter as influenced by UV-B is chemical and
species specific. Carbohydrates, cellulose, nitrogen, tannins and
lignin vary greatly in both magnitude and direction in response
to UV-B treatments. UV-B usually decreased the concentration
of nitrogen in litter, although the effect is variable and often
insignificant.* As nitrogen content of litter is usually positively
correlated with decomposition rate, increased UV would be
expected to reduce decomposition rates in those litters where
nitrogen concentrations are decreased. This expectation is sup-
ported by general increases in the carbon : nitrogen and carbon
: lignin ratios under elevated UV-B as these parameters are
generally good predictors of decomposition rate. In addition,
increases in soluble phenolics in Scots pine seedlings under
ambient UV, compared with exclusion treatments (where UV is
filtered out),” suggest another mechanism for expected
decreased decomposition rates under higher UV-B levels in
some species.

The soil flora and fauna also determine the rate of decom-
position and the transformations and cycling of carbon and
mineral nutrients. Early results showing that UV-B radiation
can directly affect fungal and faunal communities associated
with plant litter have been confirmed by recent studies. These
show species-specific responses of soil fungi,?® litter and leaf
surface fungi® and fungi that are symbionts with oak. Overall,
leaf surface fungi and the oak symbiont were more tolerant of
elevated UV-B than soil and litter fungi. UV-B can also affect
soil microfauna: amoebae were more numerous at near-ambient
than in attenuated UV-B levels in UV filtration experiments on
a southern Argentinian heathland.>'® Soil microorganisms
can also be affected indirectly. After 5 years exposure of a
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subarctic heath to enhanced UV-B radiation, alone and in
combination with elevated CO,, there were striking changes in
microbial carbon and bacterial community structure. Microbial
carbon was decreased by 50% in the UV-B treatment. The use
of various carbon sources exposed to soil microorganisms sug-
gested either a lower or less active population of bacteria in the
enhanced UV treatments. Also, sole carbon source utilization
tests, in which a range of individual carbon sources are made
available as bacterial substrates, showed that UV-B caused a
change in the soil microbial community structure, resulting
almost certainly from a change in the dominant bacterial
species.

Recently, a coordinated series of field experiments decom-
posed standard birch leaf litter under ambient and elevated
UV-B at sites ranging from 38°N in Greece to 78°N on Arctic
Svalbard'>. Transient changes in the fungal community
decomposing the litter were found at a subarctic site '> and were
similar to those recorded by Newsham et al.'* on oak litter.
Significant reductions in the mass loss of litter decomposing
under enhanced UV-B occurred at two of the four sites.

UV-B can accelerate litter decomposition by photo-
chemical processes. Although Moody et al.’ showed no photo-
degradation of leaf litter by weight loss, other results have
demonstrated that senescent and dead leaves from temperate
deciduous plants and tropical grasses produce CO on exposure
to solar UV radiation.” A recent study in Brazil provided
additional evidence that CO is photoproduced from litter.
Highest fluxes were late in the dry season, especially following
burning of the Cerrado.” A recent estimate indicated that
about 60 teragrams (1 teragram equals 10" g) of CO may be
produced annually from this process on a global basis.'® This is
similar to earlier estimates and is sufficiently large that it should
not be neglected when considering the global CO budget,
particularly as CO reacts in the troposphere to influence ozone,
other oxidants and aerosols.

Nitrogen oxides can also be produced from photo-
degradation processes in polar snowpacks in Greenland ",
Michigan®® and the Antarctic.” The process could result in
destruction of tropospheric ozone in the snow pack but the
extent and speed of ozone destruction probably also involve a
catalytic destruction by bromide.”” Experiments®® and field
observations® have shown that UV-B radiation induces the
photochemical transformations of a variety of organic and
inorganic substances containing nitrogen.

The release or storage of carbon and mineral nutrients
depends on the final outcome of the indirect and direct effects
of UV-B on decomposition.?! New studies, since those reported
by Zepp et al.! and Paul et al.,* confirm that UV-B effects
are species and system-specific, with both increases?'2*,
decreases®'? (two of four sites) and no change in decomposition
rates recorded * (two of four sites)? or inferred from lack of
UV-B effects on leaf litter chemistry.”> UV-B modifications of
dead plant material of pine not only vary from species to
species, but also from seed source to seed source.” Overall,
studies that show effects of enhanced UV-B on decomposition
suggest that these effects are small and confined to initial stages
of decomposition according to Moody et al.'* Even so, small
effects over large areas are likely to be important. Recent find-
ings that UV-B affects microbial immobilization of nitrogen
and the structures of microbial communities after 5 years'!,
and that UV-B effects on oak litter decomposition rate are
maintained after four years?, emphasize that our understand-
ing is limited by the low number of long-term UV-B field
experiments.

Nutrient cycling. In most natural and semi-natural terrestrial
ecosystems, the availability of nitrogen in soil strongly con-
strains plant growth and productivity. In unmanaged and, to a
lesser extent, managed ecosystems, the input of nitrogen to eco-
systems by the fixation of atmospheric nitrogen is important.
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This process commonly occurs by the activity of cyanobacteria
that are free living or grow in symbiotic relationships with
plants such as algae and lichens, and symbiotic rhizobia that
are symbionts of higher plants. It has been known for some
time that UV-B radiation reduces the fixation of nitrogen by
cyanobacteria in rice paddy fields and other aquatic environ-
ments,”® and the activity of N-fixing rhizobia bacteria.”’
Recently, work in the Arctic where nitrogen availability to
plants is particularly limiting, has shown that UV-B radiation
can constrain potential N, fixation there. Nitrogen fixation
potential by cyanobacteria associated with one moss exposed to
enhanced UV-B in the Northern Arctic was reduced by 50%
compared with natural conditions, whereas that associated with
a subarctic moss was not affected.?® In addition, there was a
50% reduction in nitrogen fixation potential of a lichen exposed
to enhanced UV-B in the Subarctic.?®

UV-B induces changes in the assimilation and allocation of
mineral nutrients and other chemicals within the tissues of
some plant species.”” Changes in tissue chemistry that are
inherited by litter affect decomposition?* and nutrient cycling.
However, not all species show changes in tissue chemistry when
exposed to UV-B. Little impact of UV-B was expected on
decomposition and nutrient cycling in mid-latitude dune grass-
lands*® and oak woodlands® based on UV supplementation
experiments that showed insignificant changes in plant tissue
chemistry. Despite lack of change in tissue chemistry, however,
decomposition was accelerated in the oak system.?* In con-
trast to studies showing no change, nitrogen concentrations
in dead plant matter from several European heathlands,
when decomposing under enhanced UV-B, were decreased.*
Although the fate of this nitrogen (i.e. subsequent uptake by
plants, microbial immobilization or leaching) was not investi-
gated, a recent long-term study showed that enhanced UV-B
resulted in a significant immobilization of nitrogen in microbial
biomass in a subarctic heath soil."! Microbial N increased over
100% in UV-B exposed field plots compared to control plots
and microbial biomass C : N ratio decreased by 320%. These
effects could possibly be the result of UV-B impacts on exud-
ation of microbial resources from roots of plants irradiated
with enhanced UV-B as suggested by Klironomos and Allen*!.
Many plants increase their ability to take up nutrients by having
a symbiotic relationship with a fungus (a mycorrhiza) that pro-
vides an efficient nutrient foraging and capture system for the
plant. However, exposure to enhanced UV-B can reduce this
potential by up to 20%.* The processes of microbial immobil-
ization of nitrogen and reduced mycorrhizal infection are
expected to further limit nutrient availability and plant
productivity.

Interactions between climate change and UV-B impacts on
terrestrial biogeochemical cycling

Models of future climate change predict significant changes in
variables that are important to terrestrial ecosystems such as
temperature, precipitation, radiation reaching the Earth’s sur-
face and increases in atmospheric CO, concentration. There are
several areas where interactions between climate change and
UV-B that are non-additive and complex in nature can lead to
non-linear changes in the behavior of biogeochemical cycles.
UV exposure may induce changes in biological systems that
moderate or enhance species responses to changes in climate
and their roles in element cycling. Also, changes in climate, such
as earlier snow melt in spring, might increase the exposure of
species and biogeochemical processes to potential damage from
UV-B.

Carbon fluxes and pools in phytomass. Changes in climate
and/or climate variability have already had significant effects
on carbon dynamics in terrestrial ecosystems®***, in that
“greenness” of vegetation, length of the growing season and
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biomass have increased in middle and northern latitudes of the
Northern hemisphere. Such changes could potentially interact
with UV-B effects. If moisture remains unaffected, climatic
warming and increased atmospheric concentrations of CO, will
increase carbon pools in phytomass, particularly in northern
forests and tundra, due to increased growth of existing vegeta-
tion (Fig. 1, pathway 1) and displacement of this existing vege-
tation by more productive vegetation (Fig. 1).**%7 Increased
biomass production has already occurred in northern areas due
to recent warming.> However, UV-B has the potential to
reduce biomass in some ecosystems and should to some extent
modify the increase in carbon in phytomass due to warming.

Climate change induces disturbance of vegetation, which is
important because it increases forest fires (Fig. 1, pathway 2),
forest pest outbreaks, over-grazing, drought, and thawing
permafrost. For example, defoliation of forests due to increased
insect pest outbreaks resulting from greater pest survival in
milder winters*** could interact with UV-mediated changes in
food quality that increase ***? or decrease grazing® leading to
changes in carbon and nitrogen pools over large areas. Earlier
snow melt has been exposing plants in the Northern Hemi-
sphere to higher UV levels in Spring*® (Fig. 1, pathway 3),
and thawing permafrost and methane-containing clathrates
have the potential to release large quantities of CH, (Fig. 1,
pathway ).

Plants of some ecosystems, particularly those of salt
marshes, but also peatlands and forest floor vegetation, are
important in enhancing fluxes of halogenated hydrocarbons
from the biosphere to the atmosphere (Fig. 1, pathway 5).*
This is important in contributing to the global pool of these
chemically reactive substances.**¢ Some plant species are par-
ticularly efficient at transporting halomethanes into the atmos-
phere. As this is an active physiological process, emissions
should increase in response to warming. The emissions of halo-
genated compounds from coastal salt marshes also are likely to
be affected by sea level rise associated with global warm-
ing. Any impact of elevated UV-B on plant species that emit
halocarbons would modify expected responses due to global
warming. Warming also induces significant changes in the pro-
duction and emission of VOCs that are derived from terrestrial
vegetation, resulting in an alteration in the tropospheric pro-
duction of ozone and a resulting perturbation of the oxidative
capacity of the troposphere*”*® (Fig. 1, pathway 6).

Changes in the production of CO by UV-induced oxidation
of plant matter could be affected by climate change in several
ways. Climate-sensitive parameters such as humidity and tem-
perature have important effects on the efficiency of CO photo-
production (Fig. 1, pathway 6).14'® The efficiency increases as
temperature and humidity increase. Also, CO production effi-
ciencies increase sharply as plants start to senesce and die and
so increased drought frequency associated with climate change
in some regions could increase UV-induced CO emissions.™

Carbon pools and fluxes in soils. If moisture remains
unaffected, climatic warming will lead to decreased carbon
pools in soils, particularly in northern forests and tundra where
global warming is amplified, and in peatlands and wetlands
where carbon storage is most pronounced.*-5' The mechanism
involved increased rates of microbial decomposition and an
increased flux of carbon as CO, from dryer areas (Fig. 1, path-
way 7) and CO, and CH, from wetter areas (Fig. 1, pathway 8).
Methane is an important greenhouse gas and a major source of
hydrogen for the production of water vapor via reaction with
hydroxyl radicals in the stratosphere. Thus, increased CH, may
enhance ozone depletion on polar stratospheric clouds (PSCs).
In contrast, higher UV-B should increase carbon storage
in soils in which nutrients are particularly limiting to plant
growth by changing litter quality and influencing decomposer
organisms (Fig. 1, pathway 7), although in some ecosystems,
higher UV-B may reduce carbon storage in soil or remain
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neutral. Paul et al. * suggest that any changes in carbon storage
will be small and they imply that small changes will be insignifi-
cant. However, even small changes in carbon storage in peat-
lands, northern boreal forests and tundra, where most of the
earth’s organic carbon is stored,”> could be at least region-
ally important. In wetland ecosystems, e.g rice paddies, the
magnitude of emissions of CH, to the atmosphere depends on
the particular plant species present.”® Global methane emis-
sions are likely to increase by 45% for a global 2 °C average
warming (Fig. 1, pathway 8).>* Any negative impact of UV
on the activity of those plants that efficiently transport CH,
to the atmosphere could be important in reducing the impact
of warming on CH, emissions as shown by Niemi ez al.%. In
drier ecosystems, such as arid lands, with high UV-B, storage
of soil carbon during warming will be reduced by increased
UV-B and warming together, because of photodegradation of
litter and reduced litter production through increased water
stress. On the other hand, warming will result in increased
carbon storage due to reduced microbial activity limited by
water. The balances between these complex interactions are
unknown.

Increased atmospheric CO,%*>” and UV-B radiation both
result in a change in litter chemistry that would suggest additive
or even synergistic decreases in decomposition and increased
carbon storage in soils (but see Norby and Cotrufo*®® for a
cautionary viewpoint). Experimentally increased UV-B and
CO, together are likely to increase microbial immobilisation of
nitrogen that is, in turn, expected to reduce nitrogen availability
for plant production.

Fire reduces short-term carbon storage but enhances the
storage of a fraction for millennia by producing charcoal (Fig.
1, pathway 9), a persistent form of carbon®’, but it also results
in loss of nitrogen to the atmosphere®, reducing productivity
over the long term in nitrogen-limited ecosystems. Fires also
increase the UV-mediated release of CO from vegetation and
litter . Fire frequency is increasing in some areas such as the
boreal forests of North America and is expected to increase
further as a result of global warming: this could affect atmos-
pheric ozone chemistry.*”* Moreover, since many forest fires
occur in the mid- to high-northern latitudes, these burned
regions are particularly subject to ozone depletion and
increases in UV.

Effects of warming through impacts on surface energy and
water balances. Increased atmospheric CO, concentrations
result in less water use by plants which leads to less evaporative
cooling and thus warming of the earth’s surface in daytime.*
Increased UV-B might also restrict water loss by plants through
stomata (small pores in leaves)® and together with increased
CO,, there is potential to increase surface temperature
additively. In addition, models of feedbacks from vegetation to
the climate system calculate that decreases in albedo (reflectiv-
ity) associated with the displacement of tundra by evergreen
forest will dominate over the negative feedback of increased
carbon sequestration (Fig. 1, pathway 10).**¢ If UV-B affects
the optical properties of leaves, there could be an effect on
albedo (reflectivity).

Nitrogen cycling. Climatic warming, assuming a constant
moisture content, will stimulate nitrogen cycling rates in soils as
a result of increased microbial decomposition of litter® and
possibly increased activity of free-living and symbiotic nitrogen
fixers. UV-B can reduce or increase nitrogen cycling rates
through its effects on litter decomposition (overall the effect is
to reduce nitrogen cycling) and it can also reduce nitrogen fix-
ation by cyanobacteria directly. Again, the balance between the
processes is unknown but warming effects are likely to domin-
ate over UV effects (Fig. 1, pathway 7). The results of changes
in nitrogen cycling are two-fold. Firstly, there will be changes in
the amount of N,O, which participates in chemical reactions
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that affect stratospheric O;, emitted from soil to atmosphere.
Secondly, plant productivity will increase in response to
increased temperature caused by greenhouse warming and to
enhanced nitrogen availability in most mesic to dry terrestrial
ecosystems. Also, NO, production by snowpacks will be reduced
because of reduced snow duration (Fig. 1, pathway 11).3

Aquatic ecosystems

Changes in UV can have significant effects on aquatic carbon
cycling, nutrient cycling, and water-air trace gas exchange. In
this section we discuss results on UV-aquatic biogeochemistry
interactions that were obtained since our last report’, taking
into account the fact that co-occurring climate change can
influence the UV effects (Fig. 2). UV effects on aquatic eco-
systems are further treated in Hider e al.,*® and Kerr et al.%®
provide additional updates on recent measurements of UV
radiation in aquatic systems.

UV effects on aquatic biogeochemistry

Carbon cycling. Phytoplankton communities are primarily
responsible for the production of biomass in large lakes and the
ocean. Direct DNA damage caused by UV-B has been observed
in Antarctic marine phytoplankton and bacterioplankton dur-
ing mid-summer, especially under stratified conditions related
to melting shelf ice.** A recent study has shown that the UV
sensitivity of mid-latitude estuarine phytoplankton photo-
synthesis is remarkably similar to that previously observed for
Antarctic phytoplankton.®® These results provide further evi-
dence that UV reduces phytoplankton productivity globally in
the ocean, although the UV sensitivity of open ocean phyto-
plankton is still poorly defined. On the other hand, UV
photoinhibition of productivity may be partially offset by other
indirect effects of UV on iron in the ocean. Photoreactions of
complexed iron enhance its biological availability,®® a process
that may stimulate productivity in parts of the sea that are iron
limited, such as the Southern Ocean.”’” Atmospheric iron
deposition correlates closely with observed productivity in parts
of the sea.®® Thus, the net impact of increased UV on phyto-
plankton productivity is unclear at this point. However, a recent
study based on remote sensing indicates that global oceanic
chlorophyll has decreased globally between the early 1980’s and

the late 1990’s.% The overall decrease was attributed to changes
in upper ocean mixing, mixed layer depth, sea surface temper-
ature and nutrient supply caused by climate change. ® Based on
other research that is discussed below, the decreases could have
been partly attributable to increases in UV exposure in the
upper ocean caused by ozone depletion and by climate-induced
changes in mixing, stratification and UV penetration.

As discussed in this volume? and in the UNEP 1998
report ™™ other indirect effects involving trophic level inter-
actions may also affect ecosystem productivity. For example,
recent research indicates that the vertical migration of zoo-
plankton is sensitive to UV radiation.”>* This finding has
important implications for the flux of carbon through the
microbial food web, which involves transfer of biomass from
the primary producers to metazoa and bacteria. Thus, the net
impact on carbon capture is clearly not a linear function of UV
exposure.

UV effects on decomposition of aquatic organic matter are
caused by inhibition of microbial activity, by direct photo-
degradation of colored dissolved organic matter (CDOM) and
particulate organic carbon (POC) to CO, and other gases,
and by UV-induced photodegradation of CDOM to readily
decomposable compounds that are referred to here as
biologically-labile photoproducts (BLPs). Bacterial activity is
inhibited by UV-B radiation and direct DNA damage has been
demonstrated in field studies.**”*™ The greatest damage to bac-
terioplankton is observed in the upper layer of poorly mixed,
stratified waters. However, observations showed that the reduc-
tion in microbial activity is attenuated with increased winds and
surface layer mixing and the activity is rapidly restored in the
dark via repair and regrowth.”*’* A modeling study concluded
that changes in UV radiation caused by ozone depletion
could have a more serious net impact on bacterial activity than
UV increases attributable to decreased CDOM concen-
trations.” Viruses can influence microbial diversity and activity,
including decomposition, and viral activity is sensitive to UV-B
exposure.’®

In freshwaters and the coastal ocean, a large part of the
CDOM is “terrestrially-derived”, i.e. it is derived from the
decomposition of terrestrial plant matter that is transported
from the land (Fig. 1, pathway 2). Microorganisms do not read-
ily decompose terrestrially-derived CDOM, but its transform-
ation can be accelerated when it is exposed to solar ultraviolet
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radiation. Recent research has provided additional evidence
that the two major decomposition processes induced by solar
UV are direct photoproduction of both dissolved inorganic
carbon (DIC) """ and labile organic substances that are readily
assimilated by microorganisms.***” UV exposure also enhances
the decomposition of particulate organic carbon in fresh-
waters.®® Other recent results seem to indicate that the net effect
of UV exposure on algal- or some plant-derived DOC is a
reduction in biological lability.*#**? Exposure to solar UV
radiation also causes changes in CDOM isotopic content,’***
that are useful in understanding the fate and transport of
carbon and oxygen in the environment.””*

The direct photodegradation processes involve, in part,
reactive oxygen species (ROS) such as hydrogen peroxide,
superoxide ions and hydroxyl radicals, as well as short-lived
reductants such as hydrated electrons that are produced on
absorption of UV radiation.’*'®® Complex interactions of the
ROS with iron and copper complexes that are present in surface
waters and in precipitation ' help control the nature and
extent of carbon cycling in aquatic environments.”’-10%-1%5

Marine scientists have long debated the fate of terrestrially-
derived organic matter on entry to the ocean. Experimental
studies indicate that the DOC in the open ocean is primarily of
marine origin, although some terrestrial character would have
been expected.?**1% Recent experimental and modeling
research indicates that UV-stimulated decomposition can
potentially consume all of the input of CDOM from land.**'"’
Most of this decomposition potentially occurs in coastal areas
of the Northern hemisphere, with substantial contributions
from high-latitude coastal regions.

Recent studies of a wide range of freshwater and marine
environments have shown that CDOM, and, to a lesser extent in
the open ocean, organic colloids, play an important role in the
attenuation of solar UV and blue radiation.'”®''! CDOM
effectively protects aquatic ecosystems from harmful UV-B
radiation while permitting beneficial photorepairing (UV-A)
and photosynthetically active radiation to be much more effi-
ciently transmitted into the water. Changes in CDOM concen-
trations occur seasonally in freshwaters'>'® and the
ocean %! and they also likely are linked to climate change,
acid deposition'* and land use changes. The UV absorbance
and fluorescence of CDOM decreases with exposure to solar
UV radiation and recent research has demonstrated that this
“photobleaching” process is induced most efficiently by UV-B
radiation."*""7 A combination of photochemical and microbial
processes is responsible for the photobleaching 77-859%-107:115.117
and the efficiency is affected by factors such as oxygen concen-
tration”* and temperature.”® Although one study in U.S.
freshwaters has indicated that photobleaching rates are related
to acid-neutralizing capacity '*®, other investigations in Chilean,
Argentinian and Antarctic freshwaters indicate that alkalinity
has no detectable effect (H. Zagarese, personal communication,
2002). The UV-induced changes in CDOM concentrations can
influence remote sensing of oceanic productivity, which is based
on observations of ocean color. New results indicate that
CDOM makes a major contribution to remotely-sensed ocean
color.!%

Nutrient cycling. UV radiation can affect nitrogen cycling in
various ways: through effects on nitrogen-related enzymatic
activity by microorganisms such as photoinhibition of
nitrogen-fixing microorganisms® and, indirectly, through
effects on the biological availability of essential trace elements,
such as iron, that stimulate the growth of nitrogen fixers; and
through enhanced decomposition of persistent dissolved
organic nitrogen to biologically labile nitrogenous photo-
products. Nitrogen is a limiting nutrient in remote parts of the
open ocean and thus impacts of UV radiation on important
nitrogen fixing cyanobacteria such as Trichodesmium™® or the
newly discovered N-fixing marine nanoplankton *° potentially
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could be ecologically significant. Iron plays a role in stimulating
the growth of Trichodesmium. ' It has been proposed that the
iron deposited in the sea via long range transport of terrestrial
dust® can stimulate rapid growth of this organism and that
related increases in biologically-available nitrogen can trigger
growth in toxic organisms such as Gymmodinium breve.'
UV-induced photoreactions of iron are known to affect its
biological availability in the sea.®

Biologically labile nitrogen compounds such as nitrate,
ammonium and amino acids are rapidly recycled by the biota in
aquatic systems, while N-containing substances whose struc-
tures are too complex or randomized to be readily assimilated
accumulate in the water column. In aquatic environments with
limited N-fixation or low external inputs of labile N, the labile
compounds drop to almost unmeasurable levels in the photic
zone where productivity occurs, while the persistent dissolved
organic nitrogen (DON) accumulates. Interactions of UV radi-
ation and DON provide a pathway for the conversion of per-
sistent DON to compounds that are more easily assimilated by
aquatic microorganisms. Recent results suggest that
photochemically-produced labile nitrogen compounds can be
an important source of biologically available nitrogen in coastal
regions,'?1%

Phosphorus cycling can potentially also be affected by
exposure to UV. The changes in microbial consortia that
are discussed in the carbon cycling section likely influence
phosphorus cycling as well. In addition, recent research has
provided additional evidence that UV photolysis of phos-
phatase—humic substance complexes can enhance phosphorus
cycling in aquatic environments. 26?7

UV-B and trace gas exchange. The aquatic environment is an
important atmospheric source and sink of trace carbon, sulfur
and other gases. Recent research on the air—sea exchange of
trace gases has provided evidence that the sources and sinks of
certain carbon and sulfur gases are strongly influenced by solar
UV radiation.'?®

New research has appeared on the effects of UV radiation
on the emissions of volatile organic compounds (VOC) and
carbon monoxide from aquatic environments. These gases
participate in chemical reactions that change air quality in
the atmosphere. Isoprene emissions correlate with chlorophyll
concentrations, indicating that phytoplankton or reactive
DOM released by phytoplankton is the source ?®'* and thus
that phytoplankton inhibition by UV likely alters isoprene
emissions. The sea is thought to be a net source of CO, but
this source has been subject to a wide range of estimates. A
recent study estimated a much lower CO photoproduction in
the ocean than previously reported and that most of this CO
production was consumed by microorganisms rather than
escaping to the atmosphere.’** CO is photoproduced most
efficiently by UV-B radiation and the efficiencies for CO pho-
toproduction from terrestrially-derived CDOM are much
larger than those observed with open ocean CDOM. This
difference in efficiencies, which largely accounts for the lower
estimated CO photoproduction in the open ocean, suggests
that the photoreactivity of open-ocean CDOM derived from
algae may be quite different from that of terrestrially-derived
CDOM.

Atmospheric sulfur plays an important role in the radiative
balance of the atmosphere. Anthropogenic sources are domin-
ant in highly industrialized regions and are reasonably well
defined. Natural sources and sinks of sulfur gases are
much less well defined than anthropogenic sources, but have
received greater scrutiny in recent years due to their potential
involvement in the regulation of climate in remote parts of the
ocean. The major source of natural sulfur gases is the sea. Of
particular interest are the sulfur gases, dimethylsulfide (DMS)
and carbonyl sulfide (COS). Both of these compounds are
formed predominantly in aerobic marine environments, i.e. the
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upper layers of the ocean, and their sources and sinks are
affected by solar UV radiation.

DMS, the predominant volatile sulfur compound in the open
ocean, is believed to be involved in the formation of marine
aerosols. Thus, DMS emissions may lead to modification of the
reflectivity of marine clouds and have a cooling influence on
the atmosphere. One might expect that, since DMS is closely
related to primary productivity of certain phytoplankton
species and that phytoplankton photosynthesis is inhibited
by UV, DMS concentrations may decrease as surface UV
increases. This has indeed been found to be the case in Antarc-
tica under the ozone hole.'"” On the other hand, a recent report
provided evidence that DMS and dimethylsulfoniopropionate
(DMSP), the oceanic precursor of DMS, has an antioxidant
function in marine algae''. Thus, exposure of certain algae
to UV, an important driver of cellular oxidant production, pre-
sumably would stimulate DMS production. The highest con-
centrations of DMS occur in the Southern Ocean during
early to mid-spring as the sea ice melts'®, a time in which
that region also experiences high UV exposure due to ozone
depletion. This indicates that the Southern Ocean may be a
region of intense interactions between sulfur biogeochemistry
and ozone depletion. Other recent research on the sensitivity of
zooplankton to UV radiation”""* suggests a potentially signifi-
cant role of UV-zooplankton interactions in DMS production,
whereby DMS emissions increase when the phytoplankton are
stressed by zooplankton grazing. Recently it was also shown
that changes in physical quantities such as mixed layer depth
also influence DMS sea-to-air fluxes via UV-related biogeo-
chemical interactions.** Photooxidation of DMS in the upper
ocean is another significant sink that is induced by solar UV
radiation.'341%¢

COS is the most concentrated sulfur gas in the troposphere
and it is believed to play a role in the maintenance of the
stratospheric sulfate layer, although this role may be more
limited than was originally believed."'?® COS is primarily
produced in surface seawater by the UV-related degradation
of dissolved organic matter and it is degraded mainly by
hydrolysis. In a modeling effort to describe global air-sea fluxes
of COS based on known information about its sources and
sinks, it was estimated that the open ocean was a net source of
COS.™¥

Interactions between climate change and UV-B impacts on bio-
geochemical cycles in freshwater, estuarine and coastal systems

UV penetration and global warming. Aquatic biogeochemical
cycles can be affected in several ways through effects of various
global environmental changes on UV exposure. Climate and
land use change affect the movement of UV-attenuating dis-
solved and particulate substances from land into water (Fig. 1,
pathway 12, Fig. 2). Such substances, particularly CDOM,
control the penetration of UV-B into many aquatic environ-
ments, 2611213138140 Nicroorganisms that are often exposed to
UV-B radiation can develop cellular UV-protective substances
such as mycosporine-like amino acids that absorb in the UV
region.”® Such organisms or detritus derived from them can
contribute significantly to UV attenuation in ecosystems that
have low concentrations of DOC.**! Observed seasonal changes
have provided evidence for the important influence of climatic
change on UV penetration into freshwaters 113138142143 554
the ocean.'®""! Droughts, for example, reduce terrestrial inputs
of CDOM and sediments into aquatic environments."*®**? In
contrast, increased precipitation may reduce UV penetration
by enhancing runoff (see Fig. 1, pathway 12 and Fig. 2).
Shifts in soil moisture content and related changes in oxygen
content affect the microbial production of soil humic sub-
stances and thus can alter inputs of this important source of
CDOM in freshwaters. Moreover, global warming, through
changes in atmospheric circulation, precipitation patterns,
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temperature, and length of warm season, can affect stratifi-
cation and vertical mixing dynamics in freshwaters and the
sea.!** Stratification can result in increased UV penetration and
exposure in the upper water column, a phenomenon that is
driven in part by UV-induced decomposition of UV-absorbing
substances in the surface water.!? 11113143 Changes in vertical
mixing dynamics also can affect phytoplankton photo-
synthesis."*> Reductions in oceanic primary productivity over
the past decade have been attributed to climate change effects
on the upper ocean® and this effect may be caused in part by
increased UV penetration. The interactions of bacteria, organic
matter, temperature and UV changes are complex and it is
impossible at this point to predict how climate warming might
affect UV penetration into aquatic environments. However,
recent observations have shown that the warm upper layers of
freshwaters and the ocean that develop under stratified condi-
tions are generally much more UV transparent than deeper,
COOleI‘ Waters'109—111,113,139,143

The past effects of climate change on UV exposure have had
an impact on freshwater sedimentary records in a remarkable
way. Careful analysis of fossil diatom assemblages in Canadian
subarctic lake sediments has provided clear evidence of the
impacts of climate change on UV penetration in Canadian
lakes during the Halocene.'#¢147

Carbon and nitrogen cycling. The possible effects of climatic
warming on carbon capture and decomposition have been
recently discussed in several reviews of freshwater 131414 and
oceanic ecosystems.'* Increasing temperatures tend to increase
the rates of biological production and decomposition, but other
factors such as reductions in nutrient concentrations in fresh-
waters related to altered hydrology could limit the increases. In
the case of the oceans, the expected increase in the efficiency
of phytoplankton photosynthesis and biological carbonate
production due to warming may be counteracted by the effects
of increased stratification that will likely lead to reduced CO,
uptake.®'* Stratification can affect CO, air-sea exchange
by reducing uptake caused by the “solubility pump,” ie the
transport of carbon from the upper ocean to the deep
ocean, and it also may result in decreased photosynthesis and
changed microbial decomposition caused by reduced nutrient
upwelling® and increased exposure of microorganisms to
UV-B. Vertical transport is the primary determinant of what
chemical constituents and organisms are brought into the UV-
illuminated layer and how long they stay there and stratification
greatly slows vertical transport. Transport can be important
when certain biogeochemical processes are slow compared to
movement into and back out of the photic zone, eg for
processes in which the overall impact depends on the sequence
and timing of UV exposure. An example of processes likely
to be affected by climate-related changes is decomposition by
bacteria that are susceptible to strong UV damage but have
weak repair capability.

Other UV interactions with co-occurring environmental
changes can include: (1) pH related changes on productivity
caused by increases in atmospheric CO, or acid deposition 4138
(2) increased UV phototoxicity caused by pollution of aquatic
environments by substances such as polycyclic aromatic hydro-
carbons (PAH) derived from the usage of fossil fuels,"****! (3)
large-scale changes in organic carbon movement from land to
the sea caused by climate change, such as the increased Arctic
inputs of CDOM to the coastal ocean that will affect UV
induced carbon cycling in this region > and climate-related and
UV-induced changes on the decomposition of the CDOM in
the Arctic Ocean **107-152

Sulfur cycling. Any UV-B related changes at the surface of
the ocean that result in the alteration in DMS flux to the
atmosphere and the subsequent formation of particles will also
alter the atmospheric radiation budget for the affected region.
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UV effects on vertical migration of zooplankton can reduce the
amount and timing of grazing induced release of DMS from
marine phytoplankton. Recent results indicate that DMS emis-
sions are possibly enhanced by an interaction between upper
ocean stratification and UV inhibition of bacterioplankton that
degrade DMS before it can escape the sea into the atmos-
phere.”®® DMS concentrations in the upper ocean also are
affected by UV-related photooxidation.'** The net effect is a
feedback whereby climate warming and changing UV influence
DMS release to the atmosphere. DMS conversion to particles in
the atmosphere then results in a net change in radiative forcing.
Carbonyl sulfide (COS) is formed by UV-induced photo-
reactions of dissolved organic sulfur in the upper ocean.
Changes in climate-related vertical mixing dynamics and upper
ocean temperature can greatly alter COS sea to air flux.™”’
Model projections indicate that climate warming (mainly by
decreasing COS solubility) and increased CO, levels (with
resulting decreased pH and reduced hydrolysis of COS) should
result in increased COS emissions from the open ocean.

Metal, oxygen and halogen cycling. Metals, especially iron
and copper, play an important role in the upper ocean and
freshwater biogeochemistry both by participating in UV-
induced processes that produce and consume peroxides and
other oxidants that participate in biogeochemical processes and
also as essential trace elements for plankton. Inputs of metals
and peroxides to aquatic systems change with changing precipi-
tation patterns.'®*!%15> UV-induced photoreactions of organic
complexes of metals increase their biological availability.56-'5*
Changes in the biotic sources of such complexes as well as pH
changes related to climate change would likely affect metal-UV
biogeochemistry.

Oxygen cycling is also induced by UV interactions with dis-
solved organic matter. UV absorption by CDOM results in
oxygen consumption "#% and the production of reactive oxy-
gen species (ROS) such as hydrogen peroxide, superoxide ions,
singlet molecular oxygen, and hydroxyl radicals. ROS derived
from the interactions of UV and DOM can participate in a
variety of reactions with metals that help determine the oxid-
ative capacity of the surface waters and the cycling of metals.
Increased global temperatures are likely to change the rates and
mechanisms of these reactions but the net effects are poorly
defined.

The interactions of global warming and UV in halogen
cycling are complex. The oceans are a net sink for organic
halides'> and, because hydrolytic loss of the halides is more
sensitive to temperature change than biological production,
global warming is likely to increase this sink. Increased UV may
reduce production of the organic halides by inhibiting algal
synthesis of these compounds or it may stimulate production
by partly abiotic pathways, e.g by UV-induced photoreactions
that produce methyl iodide in the upper ocean '** and or
by enhancing formation of brominated methane derivatives
such as bromoform via reactions of hydrogen peroxide with
bromoperoxidases.'*"!%8
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