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Solar UV radiation, climate and other drivers of global change are undergoing signiﬁcant changes and
models forecast that these changes will continue for the remainder of this century. Here we assess the
effects of solar UV radiation on biogeochemical cycles and the interactions of these effects with climate
change, including feedbacks on climate. Such interactions occur in both terrestrial and aquatic
ecosystems. While there is signiﬁcant uncertainty in the quantiﬁcation of these effects, they could
accelerate the rate of atmospheric CO2 increase and subsequent climate change beyond current
predictions. The effects of predicted changes in climate and solar UV radiation on carbon cycling in
terrestrial and aquatic ecosystems are expected to vary signiﬁcantly between regions. The balance of
positive and negative effects on terrestrial carbon cycling remains uncertain, but the interactions
between UV radiation and climate change are likely to contribute to decreasing sink strength in many
oceanic regions. Interactions between climate and solar UV radiation will affect cycling of elements
other than carbon, and so will inﬂuence the concentration of greenhouse and ozone-depleting gases.
For example, increases in oxygen-deﬁcient regions of the ocean caused by climate change are projected
to enhance the emissions of nitrous oxide, an important greenhouse and ozone-depleting gas. Future
changes in UV-induced transformations of aquatic and terrestrial contaminants could have both
beneﬁcial and adverse effects. Taken in total, it is clear that the future changes in UV radiation coupled
with human-caused global change will have large impacts on biogeochemical cycles at local, regional
and global scales.

Introduction
The transport and transformation of substances in the environment, through living organisms, water, land, and the atmosphere
are known collectively as biogeochemical cycles. The elements
that participate in these cycles exist in a range of forms that can
be altered not only by Earth’s chemical, physical and geological
processes but also by the activities of living organisms. In turn,
biogeochemical cycles control the availability of chemical elements
to organisms, whether as nutrients or toxins, and so exert major
effects on life on Earth. There are extensive feedbacks and
interactions between biogeochemical cycles, UV radiation and
various elements of climate change. These effects involve both
the UV-A part of solar UV radiation (315–400 nm), which is
a
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weakly affected by stratospheric ozone, as well as the UV-B (280–
315 nm) spectral region, which is strongly affected by ozone.
Thus, discussions here include the biogeochemical effects that
are inﬂuenced by the entire solar UV spectrum (280–400 nm).
UV radiation interacts with a myriad of processes that inﬂuence
the emission, exchange, transport and removal of trace gases and
particulates in the atmosphere and ocean. The overall aim of
the Environmental Effects Assessment Panel is to consider the
effects of changes in stratospheric ozone and their interaction
with climate change. Biogeochemical cycling is clearly at the heart
of such interactions in both terrestrial and aquatic ecosystems,
largely because carbon cycling drives many of the feedbacks
within the climate system. The wide extent of these interactions is
summarized in Table 1, which is based on results presented in this
and previous UNEP reports.1,2 Biogeochemical cycles in terrestrial
and aquatic ecosystems play a signiﬁcant role in determining
the rate and extent of changes in atmospheric CO2 , other trace
gases and particulates. Changes in exposure of ecosystems to UV
radiation inﬂuence their ability to remove some fraction of the
human-derived CO2 that is emitted into the atmosphere.
It is clear that many factors will lead to changes in solar UV
radiation reaching Earth’s surface.3 To brieﬂy summarize, after a
period of several decades when depletion of stratospheric ozone
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Table 1 Summary of selected direct and indirect effects of solar UV
radiation on biogeochemical cycles, based on this and previous reports.1,2
Several of these direct and indirect effects may operate concurrently on the
biogeochemical system

Element
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Carbon

Environmental
compartment

Impact on biogeochemical
cycling

Terrestrial
ecosystems

1. Impact on plant growth,
morphology and
photosynthesis, and
interactions between species,
and community composition
2. Enhances emissions of CH4
and CO
3. Impacts on litter
composition and
decomposition and organic
matter decomposition

Aquatic ecosystems

Atmosphere

Nitrogen

Terrestrial
Ecosystems

Aquatic ecosystems

1. Impact on photosynthesis
and organic carbon
production, including
coloured dissolved organic
matter (CDOM).
2. Impact on organic matter
degradation and turnover with
effects on CO2 and CO
production and microbial
lability of DOM
3. Impact on spectral
properties of water column

Table 1 (Contd.)

Element

Phosphorus
and metals

1. Impact on
ecosystem-atmosphere
exchange of trace C gases, e.g.
CO2 , CO, CH4
2. Effects on atmospheric
chemistry, e.g. on reactions
involving OH and ozone
1. Effects on nitrogen ﬁxation
2. Impacts on nitriﬁcation,
N2 O and NOx emissions
3. Effects on litter composition
and decomposition
4. Release of inorganic N
through degradation of
organic matter with resulting
impacts on soil fertility,
CH4 /CO sinks

Oxygen

1. Impact on ammoniﬁcation
of dissolved organic N
2. Effects on nitrogen ﬁxation
3. Increased hypoxia with
increased nitrous oxide
emissions from ocean
4. Effects on CDOM
production and UV
attenuation
Halogens

Atmosphere

Sulfur

Terrestrial
Ecosystems

1. Impact on
ecosystem-atmosphere
exchange of trace N gases.
2. Effects on atmospheric
chemistry, e.g. on reactions
involving OH and ozone.
1. Uptake and release of DMS
and COS by vegetation.
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Environmental
compartment

Impact on biogeochemical
cycling

Aquatic
ecosystems

1. Uptake and release of
DMS, DMSO, COS and S
precursors by aquatic
organisms
2. Effect on biological
production and consumption
of DMSP
3. Photooxidation of DMS
and organosulfur
compounds to COS.

Atmosphere

1. Impact on
ecosystem-atmosphere
exchange of S gases, e.g.
DMS, COS
2. Impact on conversion of
DMS and other S
compounds to
aerosols/cloud condensation
nuclei

Terrestrial
ecosystems

1. Perturbation of P cycling
in plant rhizosphere
2. Degradation of organic
matter and with resulting
impacts on soil fertility.

Aquatic
ecosystems

1. Effects on biological
availability of metal
nutrients, e.g. Fe. Cu, Mn,
and metal pollutants, e.g. Hg
2. Formation of ROS by Fe
reactions

Atmosphere

1. Indirect impacts on
ecosystem-atmosphere
exchange of trace gases via
changes in nutrient
availability

Terrestrial
Ecosystems

1. Effects on O2 uptake
during litter decomposition

Aquatic
ecosystems

1. Effects on O2 production
by photosynthesis of and O2
consumption by DOC
oxidation
2. Effects on formation and
degradation of H2 O2 and
other ROS, e.g. HO2 and OH

Atmosphere

1. Effects on
ecosystem-atmosphere
exchange and chemical
oxidation processes

Terrestrial
ecosystems

1. Production of
organohalogens

Aquatic
ecosystems

1. Effects on biogenic
production and consumption
of organohalogens

Atmosphere

1. Decomposition of methyl
halides, sea salt derived
particles and CFC substitutes
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led to increases in UV-B radiation, the remainder of this
century is expected to be a period of ozone recovery with the
concentration of ozone in some regions greater than present in
1980. As a result, by the end of the century UV-B irradiances
likely will be at or below those measured prior to the onset
of ozone depletion, by around 5–15% in the mid-latitudes and
perhaps up to 20% at high and polar latitudes. The tropics will
be little affected by these changes in ozone. In addition, UV
exposure in the biosphere will be affected by changes in cloud and
aerosols. The current assessment of the effects of climate change
on cloudiness highlights the large variation in change in different
locations.3 At low latitudes, cloud cover is predicted to decrease,
which should result in increases in UV radiation compared to the
present. At high latitudes, cloud cover is predicted to increase
substantially (up to 4% compared with the 1950–2000 mean3 ),
which will further enhance the decrease in UV-B radiation due
to increases in stratospheric ozone. The projected decreases in
UV-B radiation are larger in high latitude regions of the southern
hemisphere than in the northern hemisphere.
This paper assesses the state of knowledge of the responses of
global biogeochemical cycles to interactions between changes in
UV radiation and other co-occurring environmental changes in
climate, land use, and atmospheric CO2 . These interactions are
varied and complex. Many interactions occur through the effects
of different elements of environmental change on living organisms.
These effects, and their consequences for biodiversity and the functioning of terrestrial and aquatic ecosystems, have been assessed
by others.4,5 Here we will consider how the changes in individual
organisms and ecosystems considered by these other authors affect
biogeochemical cycling, and also how changes in cycling may
feed back to the biology of organisms and ecosystems. We will
also consider interactions of element cycling with environmental
changes that are mediated through chemical, photochemical and
physical processes in aquatic and terrestrial ecosystems. One focus
will be the assessment of effects of these changes in aquatic and
terrestrial biogeochemistry on the atmospheric concentrations of
trace gases and aerosols that inﬂuence the radiative balance and
chemistry of the atmosphere. Particular emphasis is put on the
advances in understanding of these interactions that have occurred
since the last quadrennial assessment.2 Later in this assessment we
address future changes in biogeochemical cycles that may occur in
response to projected changes in climate and stratospheric ozone.
The key role of carbon in regulating climate through the
atmospheric concentration of carbon dioxide (CO2 ) places the
carbon cycle at the heart of any consideration of biogeochemical
cycles in the context of environmental change. The degree to
which any factor inﬂuences the energy balance of the Earthatmosphere system, and hence climate, can be expressed in terms
of radiative forcing (RF).6 The increasing concentration of CO2
in the atmosphere is a major driver for human-induced climate
change, with the most recent IPCC report6 estimating its RF as
1.66 ±0.17 W m-2 , far higher than any other factor (Table 2).
Radiative forcing can also be used to assess the effect of other
changes affected by altered biogeochemical cycling. For example,
methane is also a potent greenhouse gas (Table 2) and carbon
monoxide and volatile organic compounds exert indirect effects on
radiative forcing through their effects on chemical processes that
inﬂuence ozone, aerosol and cloud properties in the troposphere
(Table 2). There is increasing evidence that aerosols and clouds

Table 2 Links between biogeochemical cycling, climate and stratospheric
ozone changes, expressed as the radiative forcing of different factors.
Radiative forcing is the degree to which any factor inﬂuences the energy
balance of the Earth-atmosphere system, and hence climate and the values
here are derived from the most recent IPCC report.6 Note that the inherent
time scales of the different links vary signiﬁcantly

Element of change

IPCC6 estimate Links with stratospheric
of radiative
ozone change and changing
forcing/W m-2 UV radiation

Carbon dioxide (CO2 )

+1.66 ± 0.17

Directly affected by the effects
of changing UV radiation on
the balance of carbon uptake
and loss from terrestrial and
aquatic ecosystems

Methane (CH4 )

+0.48 ± 0.05

Production from plants may
be driven by exposure to UV
radiation and main sink in
troposphere involves reaction
with OH radicals that are
produced by UV-induced
reactions

Tropospheric
ozone (O3 )

+0.35

Tropospheric chemistry
inﬂuenced directly by UV
radiation, and by
concentrations of VOCs and
NOx , which are affected by
UV radiation160

Montreal Protocol
gases

+0.32 ± 0.03

Now declining due to
implementation of the
Montreal Protocol; see
McKenzie et al.3
Naturally-produced halogen
compounds from terrestrial
and aquatic ecosystems may
be affected by climate change

Nitrous oxide (N2 O)

+0.16 ± 0.02

Both a greenhouse gas and
precursor to N species that
deplete stratospheric ozone

Carbon monoxide

+0.04

Indirectly affects climate by
modulating the OH
concentrations in the
atmosphere and thus
concentrations of methane,
ozone and other GHGs

Stratospheric
ozone (O3 )

-0.05 ± 0.10

See McKenzie et al.3

Total aerosols

-0.5 ± 0.4

Affected indirectly by
changing UV radiation
through effects on volatile
organic compounds (VOCs),
dimethylsulﬁde (DMS) and
other trace gases; see
McKenzie et al.3

Clouds

-0.7

Affected indirectly by
changing UV radiation
through effects on volatile
organic compounds (VOCs),
dimethylsulﬁde (DMS) and
other trace gases; see
McKenzie et al.3

play a multi-faceted role in the interactions of biogeochemical
cycles with changes in climate and ozone. Changes in the properties
and distribution of clouds and aerosols are likely to result in
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changes in UV radiation reaching the Earth’s surface that for
many parts of the globe are at least as great as those caused
by ozone recovery.3 However, the effects of such changes in UV
radiation on the components of biogeochemical cycling remain
poorly understood.
Solar UV radiation may also affect the nitrogen and sulfur cycles
that can directly affect climate through changes in concentrations
of atmospheric trace gases such as nitrous oxide, NOx (NO
plus NO2 ) and dimethylsulﬁde (DMS). NOx and DMS inﬂuence
atmospheric chemistry and cloud formation, and hence radiative
forcing (see Table 2). Changes in the concentration of NOx
and halogenated compounds have a speciﬁc relevance to this
assessment, since these compounds have the potential to deplete
atmospheric ozone, and their production by both terrestrial and
aquatic systems is inﬂuenced by climate change and by UV
radiation itself.3 Nitrous oxide is not only an important greenhouse
gas but it also plays a dominant role in chemical reactions that
deplete stratospheric ozone.7 The cycles of many metals have
widespread biological importance as they can act as essential
nutrients or signiﬁcant toxins depending on their chemical form
and availability, and are affected by UV radiation.
This paper speciﬁcally addresses and highlights the emerging
understanding of the complex interplay between the physical,
biological and chemical ramiﬁcations of climate change, with
co-occurring increases in greenhouse gases, shifting patterns of
atmospheric ozone concentrations and UV radiation changes in
the atmosphere and Earth’s surface.

Combined effects of changes in solar UV radiation and
climate on the carbon cycle
Of the ~10 petagrams (Pg) of carbon per year (number based on
2008, 1 Pg = 1015 g) that are emitted into the atmosphere by human
activities (fossil fuel burning, land-use change), ca. 30% are taken
up by terrestrial ecosystems, 25% by the ocean, and the remaining
45% (often referred to as the “airborne fraction”) accumulates in
the atmosphere.6,8–10 Ecosystems are net CO2 sinks on a global
average but some regions are net CO2 sinks and others net
sources.11–13 A recent analysis indicates that the airborne fraction
has likely increased from 40% to 45% during the past 50 years10
due to reductions in terrestrial and oceanic sinks caused by climate
change, stratospheric ozone depletion and other environmental
changes.14–18 Decreasing sink strengths of terrestrial and aquatic
ecosystems cause positive feedbacks that amplify the growth of
atmospheric CO2 and accelerate future climate warming.15,19–22 For
example, ﬁre was found to be a primary disturbance that changes
terrestrial ecosystems from carbon sinks to sources.23
Terrestrial ecosystems
In terrestrial ecosystems, carbon ﬁxed by plants may be sequestered in timber or long-lived soil components such as peat.
Such carbon sequestration is a signiﬁcant element of the global
carbon budget, and may be affected by various elements of
climate change, and by direct interventions to mitigate climate
change, such as afforestation. UV-B radiation has the potential
to affect many aspects of the growth, development and function
of terrestrial ecosystems. The magnitude of such effects varies
between species, and these variable effects have been shown
264 | Photochem. Photobiol. Sci., 2011, 10, 261–279

to cause local changes in the species-composition of terrestrial
ecosystems, especially at high latitudes.2,24 UV radiation can also
affect the decomposer organisms that control carbon release
from plant litter (dead organic material that falls to the ground)
and soils. Decomposition is controlled by many climate-sensitive
physical and biological parameters. Among the most important
are temperature, soil moisture and the chemistry of the plant litter.
UV-B exposure affects the chemistry of living leaves and these
changes are often inherited by litter, although effects are highly
species speciﬁc and this is reﬂected in changes in decomposition.
However, given (i) the expected slow recovery in stratospheric
ozone3 and magnitude of the effects of increases in UV-B radiation
even in high latitude terrestrial ecosystems and (ii) the contribution
of these high latitude terrestrial ecosystems to global carbon
uptake, it is unlikely that these direct effects of stratospheric
ozone recovery will have a signiﬁcant effect on global carbon
ﬁxation. However, changes in UV exposure mediated by responses
to climate change may result in far more widespread effects. For
example, UV-induced photodegradation of above-ground plant
litter is important in arid terrestrial ecosystems2,4,25–27 and is likely
to become a much more signiﬁcant global pathway for terrestrial
organic matter decomposition in the future. Photochemical production of trace gases such as methane and carbon monoxide may
also increase in such systems.
Stratospheric ozone, cloud, and factors such as aerosols and
surface albedo3 affect UV irradiance incident on terrestrial
ecosystems, but changes in ecosystems due to climate change and
altered land use will further affect penetration of UV radiation
into vegetation and to the soil surface. The balance of evidence
from climate models is that soil moisture will decline in most
parts of the globe as a result of changes in both precipitation
and evaporation.28 The effects of these future changes in climate
on the vegetation cover of speciﬁc regions remain somewhat
controversial. However, for most low to mid-latitude systems,
the most likely changes in plant communities, such as decline
in woodland or reduced vegetation cover (Fig. 1), are expected
to result in increased penetration of solar UV radiation into
and through the canopy. Changes in land use and management
can also lead to increased UV penetration to the ground, for
example, increased grazing,29 felling of woodland,30 and shrub
invasion in arid systems.31 More open ecosystems can also enhance
soil surface temperatures and this enhancement can stimulate
soil to atmosphere movement of nitrogen and presumably loss
of productivity in the affected ecosystems.32 In addition, the
prediction of increased aridity over large areas at low latitudes
is expected to enhance the contribution of direct photochemical
effects of UV radiation to carbon and nutrient cycling (see
above). By contrast, at northern high latitudes, projected gains
in forest, woodland and shrub communities (Fig. 1) will reduce
UV penetration into and through the canopy.
A further factor that will alter UV exposure in terrestrial
ecosystems is the changing geographical distribution of those
ecosystems that will result from climate change. Current models
project major changes in global ecosystems in response to climatic
and social changes,15,23,33–37 and one such change is that vegetation
zones will move towards the poles as temperatures increase. As
vegetation zones shift from their current range of distribution
towards the poles, they will experience the lower mean annual
UV doses associated with lower solar elevation. This latitudinal
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Fig. 1 Projected appreciable changes in terrestrial ecosystems by 2100 relative to 2000 as simulated by the Dynamic Global Vegetation/Lund-Potsdam-Jena Model (DGVM LPJ) for two Special Report Emission Scenarios forcing two climate models: (a) Hadley Centre Coupled
Model - Version 3 (HadCM3 A2), (b) 5th generation ECAM general circulation model from the Max Planck Institute for Meteorology (ECHAM5
B1). LPJ is a dynamic global simulation model of vegetation biogeography and vegetation/soil biogeochemistry. The simulations assume continued
greenhouse gas emissions and land-use change trends at or above current rates. Changes are considered appreciable and are only shown if they exceed
20% of the area of a simulated grid cell (Fig. 4.3 of Fischlin et al.28 ).

shift, like that of ozone depletion, is more pronounced at shorter
wavelengths and, as a result, the effect of changes towards the
poles will be greater for responses with action spectra that are
more strongly biased towards shorter wavelengths.3
In summary, at low to mid-latitudes in terrestrial systems,
projected changes in stratospheric ozone are small, but predicted
decreases in cloud, increased aridity and reduced cover are all
expected to lead to increased UV irradiances within canopies
and at the soil surface. By contrast, at high latitudes recovery of
stratospheric ozone, decreased albedo, increased cloud, increased
vegetation cover and shifts in biomes towards the poles will all
lead to negative trends in UV irradiances for organisms within
canopies and at the soil surface. Changes in UV-B radiation
both positive and negative can result in signiﬁcant changes in
terrestrial ecosystems, including direct effects on plant growth
and biomass.4 Current climate change models predict increases
in carbon sequestration by terrestrial ecosystems at northern high
latitudes and decreases at low latitudes, and our assessment is
that the combined effects of multiple environmental changes on
solar UV radiation would be to amplify these predicted changes.
However, the magnitude of these changes remains uncertain.
Aquatic ecosystems
Carbon capture by primary producers in the ocean followed by
downward ﬂux of the resulting dead algal material provides an

important route for carbon sequestration in the oceans referred to
as the biological pump.38 The effects of exposure to UV radiation
on primary producers in lakes and the ocean interact with climateinduced damage of primary producers16,39–45 to reduce CO2 uptake
by the ocean. The exposure of primary producers to the damaging
solar UV-B radiation depends on the penetration depth of UVB radiation into water bodies, which is mainly controlled by the
concentration and optical properties of coloured dissolved organic
matter (CDOM).2,41,45,46
CDOM is the sunlight-absorbing component of dissolved
organic matter (DOM). The presence of CDOM alters the
spectrum of radiation penetrating into the water column, in
effect decreasing the radiation ampliﬁcation factor for DNA
damage with increasing depth (Fig. 2). However, CDOM is
subject to photobleaching,45–63 a process that occurs particularly
efﬁciently in stratiﬁed systems.2,45,47,48,51,63 The increase in CDOM
concentrations with increasing latitude (Fig. 3) is consistent
with decreased rates of photobleaching as surface UV irradiance decreases.47,63 Moreover, the observed vertical distributions
of CDOM in the open ocean result from a balance between
biogeochemical processes (autochthonous production and solar
bleaching) and the overturning circulation.63 CDOM can be used
as a unique tracer for evaluating changes in biogeochemistry and
the overturning circulation, similar to dissolved oxygen, with
the additional feature that it can be quantiﬁed from satellite
observation.63
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of CO2 ﬂuxes are inﬂuenced by interactions between upper
ocean mixing dynamics and climate.64 Vertical stratiﬁcation of
the ocean, which is accompanied by increases in sea surface
temperature (SST), results in decreased net primary productivity
(Fig. 4).64 The vertical stratiﬁcation of marine systems is caused
by various factors including SST.65–67 For example, the seasonal
stratiﬁcation in a small marine basin is primarily determined
by temperature,67 whereas at the annual scale stratiﬁcation is
determined by salinity rather than temperature, increasing with
decreasing salinity. Hence, increasing freshwater discharge into
coastal areas due to climate change may increase the extent of
stratiﬁcation in marine systems

Fig. 2 Computed dependence of DNA damage and the associated
radiation ampliﬁcation factors on depletion of total ozone at different
depths at Looe Key Reef in Florida, USA.45 The action spectrum of
Setlow237 was used in the computation of DNA damage. Dose and
radiation ampliﬁcation factor (RAF) are deﬁned in McKenzie et al.3 When
changes in total column ozone are small, the RAF corresponds to the
relative fractional change in effective UV irradiance with fractional change
in ozone. The estimated underwater changes in RAF are attributable to
depth-dependent changes in absorption of short wavelength solar radiation
by CDOM in the water column. [Fig. 10 from Zepp et al.45 Copyright
(2008) by the American Society of Limnology and Oceanography, Inc.,
reproduced with permission.]

Analyses of contemporary net ﬂuxes of CO2 in the ocean
indicate that the tropics are net sources of CO2 to the atmosphere,
and both the temperate and circumpolar regions, especially the
Southern Ocean, are net sinks.11 There is a small net CO2 sink
in the Southern Ocean (south of 44◦ S) where a substantial
outgassing of natural CO2 almost completely offsets a strong
uptake of anthropogenic CO2 . These patterns are in part due
to latitudinal changes in net primary productivity. The patterns

Fig. 4 Relationships between changes in sea surface temperatures (SST)
and net primary productivity (NPP) in the ocean for the warming period
from 1999 to 2004. Yellow: increase in SST, decrease in NPP. Light blue:
decrease in SST, increase in NPP. Dark blue: decreases in SST and NPP.
Dark red: increases in SST and NPP. [Adapted from Fig. 3(c) in Behrenfeld
et al., 2006;64 copyright 2010 by Nature Publishing Group, license no.
2531680927098, reproduced with permission.]

Furthermore, ocean stratiﬁcation has been reported to increase
with climate-related increasing strength of El Niño-Southern
Ocean Oscillation (ENSO) cycles.64 Extensive declines in marine
phytoplankton concentrations have occurred during the past
century and these declines have been attributed in part to increases
in oceanic stratiﬁcation.66 Increased stratiﬁcation and sea surface
temperatures likely will move poleward in the temperate regions

Fig. 3 Distribution of CDOM absorption coefﬁcients at 443 nm from satellite ocean colour observations derived from Global System for Mobile
Communications (GSM) satellite retrieval of merged SeaWiFS and MODIS Aquadata.47,63 Field observations collected on meridional transects showed
that UV absorption coefﬁcients at 325 nm were approximately 10-fold greater than absorption coefﬁcients at 443 nm. The increase in CDOM concentrations
towards the poles reﬂects, in part, decreased photobleaching as surface UV irradiance decreases. [Fig. 1 from Nelson et al.63 ]
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during the upcoming century, with resulting decreases in marine
productivity and oxygen concentrations11,64,68 and concurrent
adverse effects on life in the ocean.68 The projected decreases in
productivity will be driven by (1) reduced transport of nutrients
from deeper in the ocean to the surface zone where photosynthesis
occurs, (2) increased ocean acidiﬁcation caused by continued
increases in CO2 , and (3) increased photodegradation of the
UV-protective CDOM coupled with reduced inputs of CDOM
from deeper in the ocean to the surface zone. Because CDOM is
derived from biological degradation of the detritus from sinking
dead phytoplankton, reduced productivity will drive further
decreases in CDOM production, thus reinforcing penetration of
UV radiation into the ocean. The negative effects of stratiﬁcation
on marine production should be offset somewhat by the reduction
in UV-B radiation caused by increases in stratospheric ozone,
which will be particularly pronounced in circumpolar regions
of Earth. Increased stratiﬁcation is expected to enhance the
photobleaching of CDOM, so increasing the exposure of surfacedwelling organisms to UV-B radiation.5,45,46,69
Increases in vertical stratiﬁcation also are occurring in freshwater ecosystems. It has been known for some time that seasonal
changes in vertical stratiﬁcation of lakes leads to pronounced
changes in CDOM distributions and UV penetration.1
The detrimental effects of UV-B exposure on marine organisms
might be partially offset by CO2 fertilization effects37 and ocean
warming,70 although increasing CO2 concentration has been
shown to enhance the sensitivity of some algal species to UVB radiation.39,44 The effects of CO2 may be a result of its effects on
pH in aquatic systems, rather than on direct effects of CO2 itself.
Ocean acidiﬁcation (caused by the increasing absorption of
human-derived CO2 by seawater6,71,72 and to a smaller extent
by atmospheric deposition of acidity71 and increased vertical
stratiﬁcation68 ) also attenuates oceanic CO2 uptake by reducing
the ability of calcifying marine organisms, including corals, to
produce calcareous skeletal structures.68,73–78 Evidence exists that
acidiﬁcation may enhance the damaging effect of solar UV
radiation on both photosynthesis and calciﬁcation.76 Corals are
also vulnerable to ocean warming,78–81 and the adverse effects of
solar UV radiation on corals are related to their increased susceptibility to UV damage with warming.82 These changes combine
to decrease the CO2 buffer capacity of marine systems.18,72,74,83–85
Furthermore, ocean acidiﬁcation has been shown to decrease
the availability of dissolved iron to phytoplankton as a result of
decreasing efﬁciency of the enzymatic reduction of strongly bound
Fe(III) species with decreasing pH.86 Since iron is an essential
micronutrient, a decrease in iron bioavailability may decrease the
uptake of CO2 by oceanic phytoplankton. This negative effect of
ocean acidiﬁcation on iron bioavailability may be compensated
in part by UV-induced reactions involving strongly bound iron
species.38
The combined effects of stratospheric ozone depletion and
climate change affect the CO2 sink strength of the oceans also via
changing winds and ocean circulation changes.11,16,21,87,88 This effect
is particularly pronounced in the Southern Ocean where increased
greenhouse gas concentrations in conjunction with stratospheric
ozone depletion results in an increased shift of the westerly
winds toward the poles, i.e., an upward trend of the Southern
Annular Mode (SAM).16,87 As a consequence, enhanced winddriven ventilation of carbon-rich deepwater occurs in this region

resulting in a reduced atmosphere-ocean gradient of CO2 .11,16,87
In addition to this effect, inhibition of photosynthesis caused
by enhanced solar UV-B radiation associated with stratospheric
ozone depletion3 also contributes to reduced CO2 uptake in this
region.40 A decrease in the CO2 sink strength of the Southern
Ocean is serious, since CO2 uptake by the Southern Ocean
accounts for >40% of the total annual oceanic CO2 uptake.11,16,87
The CO2 source strength of aquatic systems may, on the other
hand, increase, due to combined effects of solar UV radiation
and climate change on carbon cycling. Climate-related changes
in continental hydrological cycles, for example, ampliﬁcation of
precipitation extremes,89 as well as land-use changes,10 are likely to
increase the input of organic carbon into streams, rivers and lakes
(Fig. 5).90–96 CDOM concentrations in high latitude lakes of the
Northern Hemisphere may be enhanced by this increased runoff
of CDOM into lakes and rivers from surrounding areas caused by
warming, melting of ice and snow cover, and precipitation changes.
Enhanced export of organic carbon from terrestrial to marine
systems is a likely consequence of these changes.96–99 Runoff is
projected to be particularly pronounced in the circumpolar regions
of the Northern Hemisphere where large stocks of organic carbon
are stored (Fig. 5). The net result will be increased release of
soil organic carbon, including CDOM, in circumpolar regions
into streams and rivers and increased continental runoff of the
CDOM will occur. Thus mobilized, the CDOM will be much
more susceptible to UV-induced photodegradation to CO2 and
other trace gases.

Fig. 5 Multi-model mean changes in runoff (mm per day) for
the IPCC Special Report Emission Scenarios A1B (balanced)
for the period 2080 to 2099 relative to 1980 to 1999 (see
http://www.ipcc.ch/pdf/special-reports/spm/sres-en.pdf). Changes are
annual means for this scenario. Runoff changes are shown at land points
with valid data from at least 10 models [Fig. 10.12(c) in Meehl et al.238 ].

The organic carbon that runs off into aquatic systems likely
will be substantially decomposed by several processes, including those initiated by solar UV radiation. Terrestrially derived
DOM exhibits a higher photoreactivity than DOM derived from
aquatic microbial sources because of differences in chemical
composition.49,55–57,59,100–106 Photochemically reactive DOM is subject to UV-induced transformations58,61,92,102,107 that enhance DOM
bioavailability to heterotrophic bacteria58,61,92,96,102 and, in turn,
microbial respiration with production of CO2 and consumption
of O2 .61,99 Mineralization of DOM also occurs as a purely abiotic,
UV-induced process.55,56,59,107–111 Photoreactions driven by solar UV
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radiation also release DOM from sediments.112,113 The rate of
UV-induced DOM transformations and mineralization is likely
to increase as a consequence of enhanced stratiﬁcation and
acidiﬁcation of aquatic systems.2,45,48,51,107
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Effects involving interactions between solar UV
radiation and climate change on nutrient cycling
The combined effects of solar UV radiation and climate change
can affect the concentration and biological availability of major
nutrients and of essential metals, which determine, in part, the
rate of photosynthesis by terrestrial plants and phytoplankton.
We focus on nitrogen in its various chemical forms since nitrogen
is one of the key nutrients in terrestrial and aquatic ecosystems.114
With regard to essential metals, we concentrate on the effects of
solar UV radiation and climate change on iron bioavailability,
since iron is required for biological photosynthesis and N2 ﬁxation
by phytoplankton.115
Nitrogen inputs
In the case of terrestrial ecosystems, the effects of UV-B radiation
on biological nitrogen ﬁxation are variable, both for ﬁxation
by free-living microbes and for those in symbiosis with higher
plants, such as legumes.2 There is evidence that UV-B radiation
can affect nitrogen-ﬁxation in legumes and by cyanobacteria (free
living or in symbiotic relationships with plants such as algae and
lichens),2,116,117 but we are unaware of any recent research into this
effect. Anthropogenic nitrogen inputs are increasingly important
in many terrestrial systems as fertilizers in managed ecosystems,118
and more generally from nitrogenous air pollutants. However,
interactions between these changing nitrogen inputs and changing
solar UV radiation remain poorly understood.4
A substantial part of the ocean (67%–75%) has been estimated
to be limited by nitrogen,119 particularly by nitrate (NO3 - ).114
However, limitation of phytoplankton photosynthesis by nitrate
is predicted to increase because of climate-related increase in low
and mid-latitude regions in bacterial denitriﬁcation and increases
in thermal stratiﬁcation of marine systems that reduce delivery of
nutrients from deeper water layers into the surface layer where photosynthesis occurs.67,68,120 As a result, the ability of phytoplankton
to take up N2 may become increasingly important.121,122 Nitrogen
ﬁxation in the ocean is inhibited by exposure to UV radiation
through damage to N2 -ﬁxing organisms.41 Therefore, atmospheric
changes that affect solar UV radiation and changes in upper ocean
CDOM (discussed earlier) that affect UV penetration into the
ocean are likely to be linked to changes in oceanic N2 ﬁxation.
Nitrogen derived from riverine inputs and atmospheric deposition
is an important and increasing source of nitrogen for organisms
in the ocean.118,119
Some oceanic areas, the so-called high-nutrient, low-chlorophyll
regions, are co-limited by trace metals, particularly iron, which is
required for N2 ﬁxation by phytoplankton.115 Precipitation123–125
and deposition of continental dust38 are important natural sources
of iron to the ocean that are sensitive to climate change. However,
not all chemical forms of iron are available to phytoplankton. It is
likely that weakly bound, dissolved Fe(III) is highly bioavailable.126
For the formation of weakly bound Fe(III) under seawater conditions, Fe(II) is a key intermediate species. Important pathways of
268 | Photochem. Photobiol. Sci., 2011, 10, 261–279

Fe(II) formation are UV-induced reactions of iron oxides127,128 and
of dissolved Fe(III) species.125,129–131 In addition, strongly bound
Fe(III) species can be reduced to Fe(II) by enzymatic reactions, the
efﬁciency of which has been shown to decrease with decreasing
pH.72 Hence, while solar UV radiation generally increases iron
bioavailability, effects of climate change such as ocean acidiﬁcation
may have the opposite effect.
Nutrient release by decomposition
The effects of UV-B radiation on litter decomposition in terrestrial
ecosystems are complex, involving direct effects of photochemical degradation and indirect biological effects on decomposer
organisms.5 Extending this to the release of nutrients from
decomposing litter is difﬁcult, as there are very few studies that
have directly evaluated the effects of UV radiation on litter nutrient
release. However, several recent studies on photodegradation
in semi-arid ecosystems have shown that litter exposed to UV
radiation demonstrated reduced N immobilization132,133 or no N
immobilization in semi-arid ecosystems independent of direct UV
effects.134,135 It is currently not clear whether these effects are
biotically or abiotically driven, but the effects do suggest that
the lack of immobilization of nitrogen may result in increased N
losses over the longer term, affecting carbon–nitrogen interactions
in these ecosystems. As climate change may lead to increases
in arid zones which could increase the relative importance of
photodegradation, it appears that there may be an impact on
nitrogen dynamics as well as on the demonstrated effects on carbon
litter quality.136
In contrast, dissolved organic nitrogen (DON) is one of the
important constituents of N from continental runoff and atmospheric deposition, and UV-induced photoammoniﬁcation of this
DON can be an important and increasing source of biologically
available N.2,137 As discussed earlier, there is substantial evidence
that productivity has been decreasing in the mid-latitudes and has
been very low in the tropics for some time. Thus, although inputs
of nitrogen, including DON, from land can stimulate productivity
and release of important greenhouse gases such as nitrous oxide in
coastal regions of the ocean (Fig. 7 and related discussion below),
it is clear that reduction of nutrient upwelling in the open ocean
has had and will continue to have a much larger effect on reducing
productivity on a global basis.
Loss of nutrients
Biological processes convert the reactive nitrogen in terrestrial
systems into gases such as ammonium, nitric oxide and nitrous
oxide. Ecosystem-atmosphere exchange of these gases is discussed
in more detail later in the assessment.
Abiotic processes that are affected by climate change also
contribute to nutrient loss. In arid ecosystems, such as deserts,
abiotic processes accelerate the ﬂux of nitrogen from the land
surface to the atmosphere.32 The high soil-surface temperatures
(greater than 50 ◦ C), driven by solar radiation in open ecosystems,
were a signiﬁcant cause of abiotic nitrogen loss in Mojave Desert
soils. Other studies that were assessed in our last quadrennial
report2,25 indicated that solar UV radiation was involved in the
decomposition of plant litter in other arid ecosystems and thus
UV radiation also may play a role in nitrogen loss under such
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conditions (see above). Photodegradation of the lignin content of
litter may enhance its biological lability for decomposers.4 Fires,
leaching and runoff are other important pathways for nutrient loss
from terrestrial ecosystems that are affected by climate change.23
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Combined effects of solar UV radiation and climate
change on the biogeochemistry of trace gases and
aerosols
In addition to carbon dioxide, terrestrial and aquatic ecosystems
are sources and sinks of aerosols and trace gases such as methane,
nitrogen oxides, nitrous oxide, halogens, and sulfur compounds
(Tables 1–2). Climate change affects the emissions of trace gases
from terrestrial and aquatic ecosystems and the formation of
aerosols, but also the removal of aerosols by rainfall. These effects
of climate change will interact with those of solar UV radiation to
alter the spatial distribution and net exchange of trace gases and
aerosols, which in turn affect solar UV radiation and climate.

atmosphere and terrestrial ecosystems other than wetlands are
variable and some are sinks of methane rather than sources.154–156
Calculations to scale-up from laboratory measurements of aerobic methane production to estimate its contribution to global
methane budgets are also extremely variable and, while early
estimates suggested a substantial role,142 the current balance of
evidence suggests a rather minor contribution compared with
other sources.148,157,158 For example, a recent study concluded that
aerobic emissions of methane from UV irradiation of plants
corresponded to <0.2% of total global methane sources (Fig. 6).158
This conclusion was based on modeled estimates that used an
action spectrum for photoproduction of methane from pectin,159
a common component of plant leaves. We agree with the recent
review157 that quantiﬁcation of all sources of methane is important
in setting global methane inventories, and this should include
assessment of the roles of terrestrial plants.

Methane
Of the long-lived greenhouse gases, methane (CH4 ) produces the
second highest radiative forcing after CO2 (Table 2).6 As with CO2 ,
the atmospheric concentration of methane in recent decades has
been the highest ever138 and these increases can be attributed to
a number of human activities.6 However, unlike the continuing,
well-deﬁned and well-understood increase in CO2 , the processes
driving changes in methane concentrations remain relatively
poorly understood. For example, the known sources of methane
appear to underestimate methane produced in the tropics.139–141
The inﬂuence of UV-B radiation on methane budgets has been
the subject of considerable research since our last assessment, due
to the discovery of a new source of methane production from
terrestrial plants.142
Terrestrial ecosystems have long been known to be a major
natural source of methane, but production was thought to be
conﬁned to wetlands where plants were growing in poorlyaerated, water-saturated soils with very low oxygen concentrations.
We reported previously that increased UV-B irradiance could
reduce emissions of methane from peatland ecosystems and
paddy ﬁelds, and this was partly explained by changes in plant
morphology that affected the movement of methane from the soil
to the atmosphere.143 However, the observation of Keppler and
colleagues142 that methane could be produced by plants growing
in well-aerated soils (i.e. aerobic conditions), and that the rate of
production was much greater in sunlight than in the dark, has led
to considerable discussion of both the contribution of terrestrial
vegetation to global methane production and the role of UV-B
radiation.
The observation of methane production from plants grown in
aerobic conditions has proved to be highly controversial,144–150
partly because not all studies have been able to detect aerobic
methane production under laboratory conditions.124,151 However,
there is now good evidence that this is a photochemical process
brought about by previously undeﬁned chemical reactions occurring in plant cell walls.150,152,153 Despite the improved understanding
of the underlying processes, the contribution of aerobic methane
production from terrestrial vegetation to global methane remains
unclear. Measurements of the exchange of methane between the

Fig. 6 Estimated total annual aerobic methane production induced by
solar UV irradiation of plant foliage (adopted from Bloom et al.158 ). The
action spectrum for methane production used for this modelling simulation
was obtained from McLeod et al.159 The global distribution for methane
production from this source was estimated based on spectrally weighted
global UV irradiance, Moderate Resolution Image Spectroradiometer
(MODIS) leaf area index (LAI), and air temperature at 2 m. [Copyright
2010 by John Wiley and Sons, Inc.; license no. 2523120844682, reproduced
with permission.]

Carbon monoxide
The carbon monoxide (CO) concentration in the troposphere
has important effects on atmospheric composition through its
effects on hydroxyl radical (∑ OH) concentration.160 CO makes
a small direct contribution to radiative forcing (Table 2) but
calculations taking into account its interactions with aerosols
result in substantial increases in its estimated role in radiative
forcing.161 Natural sources have been estimated to account for
up to half of global CO emissions,6 and of these, wildﬁres,
especially their smoldering phase, are an important source that
is increasing with climate change. Carbon monoxide is one of the
main trace gases that is derived from UV-induced photochemical
reactions of living and non-living organic matter in terrestrial
and aquatic ecosystems. The projected global increases in open
arid ecosystems also will likely enhance this terrestrial source
of CO. It is well-established that plant litter from a variety of
species can photochemically produce CO.2 A number of recent
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Fig. 7 Conceptualization of future changes in hypoxic regions of the ocean that may lead to enhanced nitrous oxide emissions to the atmosphere,
especially from coastal regions. Climate changes are forecasted to increase hypoxia in the upper layers of the coastal ocean. The resulting oxygen-depleted
waters have favourable conditions for high production of nitrous oxide. From L. A. Codispoti, Interesting times for marine N2 O, Science, 2010, 327,
1339–1340.174 Reproduced with permission from AAAS.

studies have conﬁrmed that the photoproduction of carbon
monoxide in the ocean and freshwaters is primarily linked to
CDOM photoreactions, although particulate organic matter also
can photoproduce CO.110,162 Several recent studies have indicated
that CO photoproduction in the ocean is approximately balanced
by microbial consumption,111,163–166 although microbial uptake
is somewhat less important in northern waters166 and can be
photoinhibited during daytime.167 CO is a reactive gas that has
important effects on chemical reactions in the marine boundary
layer and photoproduction of CO from CDOM may be its
dominant source in remote areas of the ocean.2

depletion in the ocean, coupled with increased inputs of reactive
nitrogen from rivers and the atmosphere, will lead to changes in
nitrogen cycling that will result in increased production and release
of nitrous oxide that will further increase global warming as well
as stratospheric ozone depletion (Fig. 7).174 As CFC emissions
drop in response to compliance to the Montreal Protocol, the
importance of nitrous oxide as an ozone-depleting substance
(ODS) will escalate throughout the 21st century.7 Thus, although
changes in UV radiation at the Earth’s surface may not directly
affect processes that inﬂuence nitrous oxide emissions, nitrous
oxide production likely will be affected by perturbations of other
biogeochemical cycles that are linked to nitrogen cycling.

Nitrogen compounds
Ecosystem-atmosphere exchange of reactive nitrogen (ammonium
and nitrogen oxide gases) is inﬂuenced by UV-B radiation and
climate change.2,24,168 A number of human activities introduce
reactive nitrogen into ecosystems118 and direct uptake by terrestrial
vegetation is one important sink for these compounds.169 Nitrogen
oxides (NOx = NO + NO2 )) are a class of reactive trace gases that
strongly inﬂuence atmospheric chemistry including the formation
of ozone and aerosols. An earlier study had shown that solar UV-B
radiation could directly cause the release of NOx from plant shoots
by photodegrading nitrate or nitric acid on the leaf surface.170 A
recent report has provided additional evidence that there is an
exchange of NOx between the plants and the atmosphere that
depends on UV irradiance and climatic factors such as periods of
drought.171
Nitrous oxide (N2 O) is an important greenhouse and ozonedepleting gas (Table 2) and its atmospheric concentration is rising.
The bulk of emissions come from natural sources and the remainder from human activities, especially agricultural practices.172
Nitrous oxide and other greenhouse gases could be an unintended
by-product of the agricultural production of biofuels.154,173 The
oceans are another important source of nitrous oxide to the
atmosphere and increasing inputs of reactive N into the oceans
likely will enhance marine nitrous oxide emissions.119 Oxygen
270 | Photochem. Photobiol. Sci., 2011, 10, 261–279

Halogen compounds
Naturally-produced halogen compounds (CHBr3 , CH2 Br2 , CH3 I,
CH3 Cl, and CH3 Br) inﬂuence atmospheric ozone depletion. South
American forests are the major global source of methyl chloride
(CH3 Cl) but not methyl bromide (CH3 Br),175 while temperate
woodland ecosystems are a net source of CH3 Br.176 The Arctic
tundra is a regional sink for both CH3 Br and CH3 Cl.177 Coastal
vegetation may be net sources of methyl halides,178–181 or net
sinks.182,183 Even within individual ecosystems, methyl halide ﬂuxes
vary depending, for example, on weather, the extent of ﬂooding,
and the removal of vegetation.178–180,182,183 Soil fungi have been
conﬁrmed as potential sources of methyl halides.184 Climate change
may affect halocarbon budgets from terrestrial systems through
warming and decreasing soil moisture.177,185 Also agriculture
and horticulture remain signiﬁcant sources of methyl bromide,
which has been used as a soil fumigant, but recent research has
demonstrated the efﬁcacy of a number of alternative technologies
that may ultimately replace methyl bromide.186–189
Marine ecosystems, particularly tropical oceanic regions, are
also important sources of halogen compounds, above all bromoform (CHBr3 ), that are released from phytoplankton.190–193
In polar marine regions, e.g. the Southern Ocean, emissions of
halocarbons are in part due to halocarbon production by ice algae
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liberated from the sea ice,191 a process that may be enhanced over
the short term by accelerated sea-ice melting. Methyl chloride
(CH3 Cl) has been increasing over the South Pole in response
to climate change194 and possibly to UV-induced photoreactions
involving chloride and CDOM.195 Increased stratiﬁcation may
reduce outgassing of bromoform by limiting mixing between the
surface and the subsurface layer where maximum concentrations
are located.196 Climate change-related increased emissions of
halocarbons from terrestrial and aquatic ecosystems and reactions
of chlorine and bromine monoxide radicals, formed in UV-induced
processes, with stratospheric ozone and trace gases such as DMS190
could contribute to UV-mediated, positive feedbacks to climate
change.

Aerosols
Atmospheric aerosols play a major role in local air quality and
the global radiation budget.161,197 An interesting link between
climate change and UV radiation is the interactions of the physical
climate system with aerosols, for example, due to rainfall and other
precipitation that removes aerosols from the atmosphere. A newly
identiﬁed feedback is the interactions between the physical climate
system and biogeochemistry. An excellent example is that as CO2
increases there are changes in the hydrologic cycle (i.e. the regional
distribution and timing of precipitation) that alter the distributions
of aerosols and gases. The attenuation of sunlight by aerosols and
clouds represents another mostly overlooked interaction between
climate change, stratospheric ozone depletion and UV radiation,
since light attenuation by these substances affects UV radiation
as well as longer wavelengths. As a result, changes in clouds and
aerosols are likely to result in changes in UV radiation reaching
Earth’s surface that for many parts of the globe are at least as great
as those caused by ozone depletion.3
Changes in UV radiation may affect phytoplankton emissions
of sulfur compounds and hydrocarbons that form aerosols that,
in turn, affect clouds over the ocean. DMS is the major source of
volatile sulfur to the marine atmosphere. UV-B radiation plays a
major role in the cycling of DMS and related compounds both
in polar198 and temperate oceans.199 DMS concentrations in the
sub-polar and sub-tropical North Paciﬁc have increased linearly
between 1970 and 2000 with a concomitant increase of the DMS
ﬂux from sea to air.200 Melting sea ice can release substantial
quantities of DMS, leading to elevated concentration of DMS
in seawater,201 and this input would be expected to increase due to
climate change. The effects of changing UV radiation on DMS are
likely to be complex. Both UV radiation and nitrogen limitation
have enhanced the algal metabolism that produces DMS.202,203 On
the other hand, UV exposure can reduce nitrogen limitation in
surface waters,137,204 and this process may decrease algal DMS
production. Furthermore, photolysis of DMS is an important sink
of DMS in the upper ocean.2,205
Volatile organic compounds (VOCs) produced by terrestrial
plants can contribute to aerosol production.206,207 The effects
of UV-B radiation on these emissions appear to vary between
different types of plant VOC,208–210 but new evidence has shown
that compounds produced by plants in response to UV exposure
can form a major element of VOC emission and aerosol production
from desert ecosystems.211

Combined effects of solar UV radiation and climate
change on contaminants in aquatic and terrestrial
ecosystems
The effects of solar UV radiation on atmospheric pollutants
have been recently assessed.160 In addition, the future projected
changes in solar UV radiation3 could affect the quality of surface
freshwaters by reducing UV-induced degradation of organic and
inorganic contaminants and permitting longer range transport of
these contaminants through the atmosphere. These changes may
increase or decrease the toxicity of pollutants, depending on the
toxicity of photoproducts relative to the initial pollutant in the
case of organic pollutants. With regard to inorganic pollutants,
we focus on two metals (mercury and copper) that are global
pollutants that affect the health of ecosystems as well as human
health, and the toxicity of which is likely to increase upon UVinduced transformations.
Inorganic contaminants
Mercury. Mercury is known as a global pollutant that is
widespread in the environment, e.g. in the North Paciﬁc Ocean.212
In the troposphere, mercury in its elemental form (gaseous
elemental mercury, GEM) is transported over long distances and
eventually deposited, e.g. in Antarctic ice and snow.213 BrO and
Br produced by UV-induced chemistry (see above under ‘Halogen
compounds’) rapidly remove GEM from the atmosphere by oxidizing it.214 Mercury isotopic composition in the Arctic is strongly
inﬂuenced by sunlight-induced photoreactions of mercury in the
snow.215 In aquatic systems the oxidation of dissolved gaseous
mercury (DGM) to divalent mercury (Hg(II)) is induced by solar
UV radiation.216–220 Biological processes then convert Hg(II) to
methyl mercury,193,198,202 which is the biologically available, and
thus harmful, form of mercury that accumulates in the aquatic
food web.221,222 Fish and other seafood are important sources of
mercury in the human diet.223 Overall, rates of bioaccumulation
and transfer through the aquatic food web are susceptible to
ecological, biogeochemical and climatic inﬂuences.224 Although
poorly understood, it is likely that climate change related shifts
in atmospheric circulation and precipitation patterns, coupled
with shifts in the global distribution of UV-B radiation, will
strongly alter the distribution and biological impacts of mercurycontaining compounds.
Copper. UV-B-mediated degradation of DOM may enhance
the toxicity of copper. The complexation of copper (Cu) by
DOM regulates Cu toxicity by decreasing the concentration of
the bioavailable form of copper, which is Cu2+ .225 UV-mediated
degradation of DOM compounds that form strong complexes
with copper has been shown to increase the concentration of the
bioavailable and hence toxic form of Cu.225–227 This phenomenon
may be especially critical in freshwater aquatic ecosystems that
receive sewage discharges with high concentrations of copper.
Organic contaminants
Many synthetic organic chemicals accumulate in organisms and
hence in food chains, including the human food chain.228 The
environmental fate of these organic pollutants depends on many
factors,228 and will be subject to the effects of various elements

This journal is © The Royal Society of Chemistry and Owner Societies 2011

Photochem. Photobiol. Sci., 2011, 10, 261–279 | 271

Downloaded by University of Lancaster on 19 July 2012
Published on 20 January 2011 on http://pubs.rsc.org | doi:10.1039/C0PP90037K

Table 3 Projected changes in biogeochemical cycles during 2010–2100 in response to changes in solar UV radiation and co-occurring global drivers.
These estimates are based on considerations of the projected changes in UV radiation that are assessed in McKenzie et al.3 coupled with our assessment
of the effects of these changes on global biogeochemical cycles based on current scientiﬁc information that is included in this report. Note that we
consider magnitude of change relative to global biogeochemical cycles, so that changes leading to large but localized changes may be assessed as having
small effects globally. Also, our emphasis was on interactions that were related to changes in UV radiation, rather on all possible effects and interactions
occurring as part of global environmental change. Even focusing on interactions related to changes in UV radiation, there are substantial uncertainties
associated with some aspects of this assessment that are highlighted in the table and in more detail in the text of the paper
Relative magnitude of
effect of interaction on
global biogeochemical
cycling

Expected direction(s)
of change, 2010–2100

Effect of change on
UV radiation reaching
surface

Relative magnitude of
effect on UV irradiance

Area affected

Stratospheric ozone

Increase235

Decrease

Medium-large

Regional

Decrease at high
latitudes may result in
increased sequestration,
but probably small effect
in isolation

Cloud cover

Increase overall, but
marked variation,
including decreases in
some places (including
tropics)235

Decrease overall, but
marked variation,
including increases in
some places (including
tropics)

Large

Global, but
marked regional
variation

Net effect remains hard
to determine due to
geographical variation in
sign of changes in cloud,
and interactions with
other factors

Atmospheric aerosols

Decrease235

Increase

Small to medium

Regional

Small

Latitudinal change in
location of ecosystems
in response to climate
change

Shift poleward28

Decrease

Small-medium

Regional: mid-high
latitudes

Interactions with cloud
and ozone change might
result in moderate
increases in
sequestration

Altitudinal change in
location of ecosystems
in response to climate
change

Shift to higher
altitudes

Increase

Small

Local

Small

Change in phenology
in response to climate
change

Shift to early spring
and later autumn

Decrease in both
spring and autumn

Small

Regional: mid-high
latitudes

Small

Changes to vegetation
cover due to climate
change

Increase or decrease28

Decrease or increase

Little effect of increased
cover, but decreases will
increase penetration to
the surface

Global, but
marked regional
variation.

Net effect remains hard
to determine due to
geographical variation in
changes

Changes to ice and
snow cover due to
climate change

Decrease236

Decreased albedo
leading to decreased
UV exposure to
above-ground
organisms

Large

Local to poles

Large

Stratospheric ozone

Increase235

Decrease

Large at high latitudes
with UV-B radiation,
especially in the
Southern Hemisphere

Regional

Increased primary
productivity at the poles,
especially in Southern
Hemisphere

Cloud cover

Increase overall, but
marked variation,
including decreases in
some places (including
tropics)235

Decrease overall, but
marked variation,
including increases in
some places (including
tropics)

Large

Global, but with
marked regional
variation

Increased primary
productivity at the poles,
especially in Southern
Hemisphere

Atmospheric aerosols

Increase/decrease235

Decrease/increase

Small

Regional-global

Small

Change
Terrestrial

Oceans and lakes
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Table 3

(Contd.)
Relative magnitude of
effect of interaction on
global biogeochemical
cycling

Expected direction(s)
of change, 2010–2100

Effect of change on
UV radiation reaching
surface

Input of coloured
dissolved organic
matter

Increased90–96

Decreased

Largest effect in
circumpolar N.
Hemisphere

Local (coastal)

Increased conversion of
terrestrial organic
carbon to CO2

Stratiﬁcation

Increases64–66

Increases

Large in tropics,
growing in
mid-latitudes

Affects both ocean
and freshwater
lakes

Signiﬁcant decrease in
productivity in the
mid-latitudes

Changes to ice cover
due to climate change

Decrease236

Increase

Large

Local to poles

Large

Water availability and
quality

Increasing at high
latitudes; decreasing at
low latitudes; changed
availability from
alpine snowmelt

Variable effects caused
by runoff of soils and
CDOM

Large

Regional; more
ﬂooding at high
latitudes & drought
at low latitudes

Variable effects on water
quality via pollutant
photodegradation;
increased long range
transport of pollutants

Change

Relative magnitude of
effect on UV irradiance

Area affected
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Oceans and lakes

of climate change.229 UV radiation also affects the environmental
chemistry of organic pollutants such as pesticides, accelerating
the rate of degradation in water, ice and snow,230–232 both through
direct and indirect photodegradation mediated by reactive oxygen
species.233 These processes may remove the original pollutant, but
the degradation products may also be toxic to organisms and
damaging to human health.

Concluding remarks
As this assessment makes clear, the interactions between changing
solar UV radiation, climate change and other drivers of global
change are diverse and complex, but while there is still great
uncertainty in many aspects of these interactions, in our view
it is now possible to make an initial assessment of the direction
of change for a range of interactions and their relative magnitude.
Table 3 summarizes the results of the more detailed considerations
provided in this assessment.
There is no doubt that interactions between climate change
and UV radiation will act concurrently on the environment
throughout the 21st century. Looking ahead over that timeperiod, climate models are taking into account carbon cycleclimate feedbacks.11,15,16,19–21,37,87,234 These models rarely include
the interactions between solar UV radiation and climate on
biogeochemical cycling, but, as indicated above, the understanding
of the effects of solar UV radiation on biogeochemical cycling
that has come from research driven by concerns over stratospheric
ozone depletion provides clear indications that such interactions
may be wide-ranging and substantial. Should UV-related impacts
on the carbon cycle alter the predictive ability of projecting
atmospheric CO2 concentrations in the future, this will increase
the cascading levels of uncertainty in the upcoming Fifth Assessment Report of the IPCC (AR5) simulations of climate change
(http://www.ipcc.ch/activities/activities.htm).28
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A. T. Austin and C. L. Ballaré, Dual role of lignin in plant litter
decomposition in terrestrial ecosystems, Proc. Natl. Acad. Sci. U. S.
A., 2010, 107, 4618–4622.
A. V. Vähätalo and M. Jarvinen, Photochemically produced bioavailable nitrogen from biologically recalcitrant dissolved organic matter
stimulates production of a nitrogen-limited microbial food web in the
Baltic Sea, Limnol. Oceanogr., 2007, 52, 132–143.
L. Loulergue, A. Schilt, R. Spahni, V. Masson-Delmotte, T. Blunier, B.
Lemieux, J. M. Barnola, D. Raynaud, T. F. Stocker and J. Chappellaz,
Orbital and millennial-scale features of atmospheric CH4 over the past
800,000 years, Nature, 2008, 453, 383–386.
P. Bergamaschi, C. Frankenberg, J. F. Meirink, M. Krol, F. Dentener,
T. Wagner, U. Platt, J. O. Kaplan, S. Korner, M. Heimann, E. J.
Dlugokencky and A. Goede, Satellite chartography of atmospheric
methane from SCIAMACHY on board ENVISAT: 2. Evaluation
based on inverse model simulations, J. Geophys. Res., 2007, 112,
D02304.
J. B. do Carmo, M. Keller, J. D. Dias, P. B. de Camargo and P. Crill,
A source of methane from upland forests in the Brazilian Amazon,
Geophys. Res. Lett., 2006, 33, L04809.
J. B. Miller, L. V. Gatti, M. T. S. d’Amelio, A. M. Crotwell, E.
J. Dlugokencky, P. Bakwin, P. Artaxo and P. P. Tans, Airborne
measurements indicate large methane emissions from the eastern
Amazon basin, Geophys. Res. Lett., 2007, 34, L10809.
F. Keppler, J. T. G. Hamilton, M. Brass and T. Rockmann, Methane
emissions from terrestrial plants under aerobic conditions, Nature,
2006, 439, 187–191.
R. Niemi, P. J. Martikainen, J. Silvola, A. Wulff, S. Turtola and T.
Holopainen, Elevated UV-B radiation alters ﬂuxes of methane and
carbon dioxide in peatland microcosms, Global Change Biol., 2002, 8,
361–371.
S. Feil, Plants surprise as methane producers, Chem. Unserer Zeit,
2006, 40, 158–158.
M. Hopkin, Missing gas saps plant theory, Nature, 2007, 447, 11–
11.
S. Houweling, T. Rockmann, I. Aben, F. Keppler, M. Krol, J.
F. Meirink, E. J. Dlugokencky and C. Frankenberg, Atmospheric
constraints on global emissions of methane from plants, Geophys.
Res. Lett., 2006, 33, L15821.
D. F. Ferretti, J. B. Miller, J. W. C. White, K. R. Lassey, D. C. Lowe
and D. M. Etheridge, Stable isotopes provide revised global limits of
aerobic methane emissions from plants, Atmos. Chem. Phys., 2007, 7,
237–241.
M. U. F. Kirschbaum, D. Bruhn, D. M. Etheridge, J. R. Evans, G. D.
Farquhar, R. M. Gifford, K. I. Paul and A. J. Winters, A comment
on the quantitative signiﬁcance of aerobic methane release by plants,
Funct. Plant Biol., 2006, 33, 521–530.
E. Sanhueza, Methane soil-vegetation-atmosphere ﬂuxes in tropical
ecosystems, Interciencia, 2007, 32, 30–34.
V. A. Sharpatyi, On the mechanism of methane emission by terrestrial
plants, Oxid. Commun., 2007, 30, 48–50.
T. A. Dueck, R. de Visser, H. Poorter, S. Persijn, A. Gorissen, W. de
Visser, A. Schapendonk, J. Verhagen, J. Snel, F. J. M. Harren, A. K.
Y. Ngai, F. Verstappen, H. Bouwmeester, L. Voesenek and A. von
der Werf, No evidence for substantial aerobic methane emission by
terrestrial plants: a C13 -labelling approach, New Phytol., 2007, 175,
29–35.
F. Keppler, J. T. G. Hamilton, W. C. McRoberts, I. Vigano, M. Brass
and T. Rockmann, Methoxyl groups of plant pectin as a precursor of
atmospheric methane: evidence from deuterium labelling studies, New
Phytol., 2008, 178, 808–814.
D. J. Messenger, A. R. McLeod and S. C. Fry, The role of ultraviolet
radiation, photosensitizers, reactive oxygen species and ester groups in
mechanisms of methane formation from pectin, Plant, Cell Environ.,
2009, 32, 1–9.

154 J. M. Melillo, J. M. Reilly, D. W. Kicklighter, A. C. Gurgel, T. W.
Cronin, S. Paltsev, B. S. Felzer, X. D. Wang, A. P. Sokolov and C.
A. Schlosser, Indirect Emissions from Biofuels: How Important?,
Science, 2009, 326, 1397–1399.
155 D. R. Bowling, J. B. Miller, M. E. Rhodes, S. P. Burns, R. K. Monson
and D. Baer, Soil, plant, and transport inﬂuences on methane in
a subalpine forest under high ultraviolet irradiance, Biogeosciences,
2009, 6, 1311–1324.
156 G. M. Cao, X. L. Xu, R. J. Long, Q. L. Wang, C. T. Wang, Y. G. Du
and X. Q. Zhao, Methane emissions by alpine plant communities in
the Qinghai-Tibet Plateau, Biol. Lett., 2008, 4, 681–684.
157 R. E. R. Nisbet, R. Fisher, R. H. Nimmo, D. S. Bendall, P. M. Crill,
A. V. Gallego-Sala, E. R. C. Hornibrook, E. Lopez-Juez, D. Lowry,
P. B. R. Nisbet, E. F. Shuckburgh, S. Sriskantharajah, C. J. Howe and
E. G. Nisbet, Emission of methane from plants, Proc. R. Soc. London,
Ser. B, 2009, 276, 1347–1354.
158 A. A. Bloom, J. Lee-Taylor, S. Madronich, D. J. Messenger, P. I.
Palmer, D. S. Reay and A. R. McLeod, Global methane emission
estimates from ultraviolet irradiation of terrestrial plant foliage, New
Phytol., 2010, 187, 417–425.
159 A. R. McLeod, S. C. Fry, G. J. Loake, D. J. Messenger, D. S. Reay, K. A.
Smith and B. W. Yun, Ultraviolet radiation drives methane emissions
from terrestrial plant pectins, New Phytol., 2008, 180, 124–132.
160 X. Tang, S. R. Wilson, K. R. Solomon, M. Shao and S. Madoronich,
Changes in air quality and tropospheric composition due to depletion
of stratospheric ozone and interactions with climate, Photochem.
Photobiol. Sci., 2011, 10, DOI: 10.1039/c0pp90039g.
161 D. T. Shindell, G. Faluvegi, D. M. Koch, G. A. Schmidt, N. Unger
and S. E. Bauer, Improved attribution of climate forcing to emissions,
Science, 2009, 326, 716–718.
162 V. Gros, I. Peeken, K. Bluhm, E. Zollner, R. Sarda-Esteve and
B. Bonsang, Carbon monoxide emissions by phytoplankton: evidence from laboratory experiments, Environ. Chem., 2009, 6, 369–
379.
163 M. A. Moran and W. L. Miller, Resourceful heterotrophs make the
most of light in the coastal ocean, Nat. Rev. Microbiol., 2007, 5, 792–
800.
164 A. Stubbins, G. Uher, C. S. Law, K. Mopper, C. Robinson and R.
C. Upstill-Goddard, Open-ocean carbon monoxide photoproduction,
Deep-Sea Res., Part II, 2006, 53, 1695–1705.
165 A. Stubbins, G. Uhera, V. Kitidis, C. S. Law, R. C. UpstillGoddard and E. M. S. Woodward, The open-ocean source of
atmospheric carbon monoxide, Deep-Sea Res., Part II, 2006, 53, 1685–
1694.
166 H. X. Xie, S. Belanger, S. Demers, W. F. Vincent and T. N.
Papakyriakou, Photobiogeochemical cycling of carbon monoxide
in the southeastern Beaufort Sea in spring and autumn, Limnol.
Oceanogr., 2009, 54, 234–249.
167 J. D. Tolli and C. D. Taylor, Biological CO oxidation in the Sargasso
Sea and in Vineyard Sound, Massachusetts, Limnol. Oceanogr., 2005,
50, 1205–1212.
168 P. Hari, M. Raivonen, T. Vesala, J. W. Munger, K. Pilegaard and M.
Kulmala, Atmospheric science - Ultraviolet light and leaf emission of
NOx , Nature, 2003, 422, 134–134.
169 J. P. Sparks, Ecological ramiﬁcations of the direct foliar uptake of
nitrogen, Oecologia, 2008, 159, 1–13.
170 M. Raivonen, B. Bonn, M. J. Sanz, T. Vesala, M. Kulmala and P. Hari,
UV-induced NOy emissions from Scots pine: Could they originate
from photolysis of deposited HNO3 ?, Atmos. Environ., 2006, 40, 6201–
6213.
171 M. Raivonen, T. Vesala, L. Pirjola, N. Altimir, P. Keronen, M.
Kulmala and P. Hari, Compensation point of NOx exchange: Net
result of NOx consumption and production, Agric. Forest Meteorol.,
2009, 149, 1073–1081.
172 D. J. Wuebbles, Nitrous oxide: No laughing matter, Science, 2009, 326,
56–57.
173 P. J. Crutzen, A. R. Mosier, K. A. Smith and W. Winiwarter,
N2O release from agro-biofuel production negates global warming
reduction by replacing fossil fuels, Atmos. Chem. Phys., 2008, 8, 389–
395.
174 L. A. Codispoti, Interesting times for marine N2 O, Science, 2010, 327,
1339–1340.
175 S. Gebhardt, A. Colomb, R. Hofmann, J. Williams and J. Lelieveld,
Halogenated organic species over the tropical South American
rainforest, Atmos. Chem. Phys., 2008, 8, 3185–3197.

This journal is © The Royal Society of Chemistry and Owner Societies 2011

Photochem. Photobiol. Sci., 2011, 10, 261–279 | 277

Downloaded by University of Lancaster on 19 July 2012
Published on 20 January 2011 on http://pubs.rsc.org | doi:10.1039/C0PP90037K

176 J. Drewer, K. V. Heal, K. A. Smith and M. R. Heal, Methyl bromide
emissions to the atmosphere from temperate woodland ecosystems,
Global Change Biol., 2008, 14, 2539–2547.
177 Y. A. Teh, O. Mazeas, A. R. Atwood, T. Abel and R. C. Rhew,
Hydrologic regulation of gross methyl chloride and methyl bromide
uptake from Alaskan Arctic tundra, Global Change Biol., 2009, 15,
330–345.
178 J. Drewer, M. R. Heal, K. V. Heal and K. A. Smith, Temporal and
spatial variation in methyl bromide ﬂux from a salt marsh, Geophys.
Res. Lett., 2006, 33, L16808.
179 S. L. Manley, N. Y. Wang, M. L. Walser and R. J. Cicerone, Coastal
salt marshes as global methyl halide sources from determinations
of intrinsic production by marsh plants, Global Biogeochem. Cycles,
2006, 20, GB3015.
180 R. C. Rhew, Y. A. Teh and T. Abel, Methyl halide and methane ﬂuxes
in the northern Alaskan coastal tundra, J. Geophys. Res., 2007, 112,
G02009.
181 S. L. Manley, N. Y. Wang, M. L. Walser and R. J. Cicerone, Methyl
halide emissions from greenhouse-grown mangroves, Geophys. Res.
Lett., 2007, 34, L01806.
182 J. X. Wang, R. J. Li, Y. Y. Guo, P. Qin and S. C. Sun, Removal of methyl
chloroform in a coastal salt marsh of eastern China, Chemosphere,
2006, 65, 1371–1380.
183 J. X. Wang, R. J. Li, Y. Y. Guo, P. Qin and S. C. Sun, The ﬂux of
methyl chloride along an elevational gradient of a coastal salt marsh,
Eastern China, Atmos. Environ., 2006, 40, 6592–6605.
184 T. Ban-nai, Y. Muramatsu and S. Amachi, Rate of iodine volatilization
and accumulation by ﬁlamentous fungi through laboratory cultures,
Chemosphere, 2006, 65, 2216–2222.
185 A. Wishkerman, S. Gebhardt, C. W. McRoberts, J. T. G. Hamilton,
J. Williams and F. Keppler, Abiotic methyl bromide formation from
vegetation, and its strong dependence on temperature, Environ. Sci.
Technol., 2008, 42, 6837–6842.
186 R. D. French-Monar, J. B. Jones, M. Ozores-Hampton and P. D.
Roberts, Survival of inoculum of Phytophthora capsici in soil through
time under different soil treatments, Plant Dis., 2007, 91, 593–
598.
187 J. S. Gerik, Floriculture production with iodomethane, 1,3dichloropropene and chloropicrin as an alternative to methyl bromide,
Phytopathology, 2007, 97, S40–S40.
188 F. Iriarte and E. Rosskopf, Spore viability bioassay, in vitro and
greenhouse evaluation of six potential methyl bromide alternatives,
Phytopathology, 2007, 97, S50–S50.
189 E. N. Rosskopf, J. S. Gerik, N. Kokalis-Burelle, G. T. Church and
B. McSorley, Status of methyl bromide alternatives for ornamental
crop production in Florida and California, Phytopathology, 2007, 97,
S101–S101.
190 J. H. Butler, D. B. King, J. M. Lobert, S. A. Montzka, S. A.
Yvon-Lewis, B. D. Hall, N. J. Warwick, D. J. Mondeel, M. Aydin
and J. W. Elkins, Oceanic distributions and emissions of short-lived
halocarbons, Global Biogeochem. Cycles, 2007, 21, GB1023.
191 L. J. Carpenter, D. J. Wevill, C. J. Palmer and J. Michels, Depth
proﬁles of volatile iodine and bromine-containing halocarbons in
coastal Antarctic waters, Mar. Chem., 2007, 103, 227–236.
192 A. Karlsson, N. Auer, D. Schulz-Bull and K. Abrahamsson,
Cyanobacterial blooms in the Baltic - A source of halocarbons, Mar.
Chem., 2008, 110, 129–139.
193 C. J. Palmer and C. J. Reason, Relationships of surface bromoform
concentrations with mixed layer depth and salinity in the tropical
oceans, Global Biogeochem. Cycles, 2009, 23, 10.
194 M. B. Williams, M. Aydin, C. Tatum and E. S. Saltzman, A 2000 year
atmospheric history of methyl chloride from a South Pole ice core:
Evidence for climate controlled variability, Geophys. Res. Lett., 2007,
34, L07811.
195 R. M. Moore, A photochemical source of methyl chloride in saline
waters, Environ. Sci. Technol., 2008, 42, 1933–1937.
196 I. Hense and B. Quack, Modelling the vertical distribution of
bromoform in the upper water column of the tropical Atlantic Ocean,
Biogeosciences, 2009, 6, 535–544.
197 G. Myhre, Consistency between satellite-derived and modeled estimates of the direct aerosol effect, Science, 2009, 325, 187–190.
198 D. A. del Valle, D. J. Kieber, D. A. Toole, J. Bisgrove and R. P. Kiene,
Dissolved DMSO production via biological and photochemical
oxidation of dissolved DMS in the Ross Sea, Antarctica, Deep-Sea
Res., Part I, 2009, 56, 166–177.

278 | Photochem. Photobiol. Sci., 2011, 10, 261–279

199 W. G. Sunda and D. R. Hardison, Contrasting seasonal patterns in
dimethylsulﬁde, dimethylsulfoniopropionate, and chlorophyll a in a
shallow North Carolina estuary and the Sargasso Sea, Aquat. Microb.
Ecol., 2008, 53, 281–294.
200 Y. W. Watanabe, H. Yoshinari, A. Sakamoto, Y. Nakano, N.
Kasamatsu, T. Midorikawa and T. Ono, Reconstruction of sea surface
dimethylsulﬁde in the North Paciﬁc during 1970 s to 2000s, Mar.
Chem., 2007, 103, 347–358.
201 A. J. Trevena and G. B. Jones, Dimethylsulﬁde and dimethylsulfoniopropionate in Antarctic sea ice and their release during sea ice melting,
Mar. Chem., 2006, 98, 210–222.
202 D. Slezak, K. R. P., D. A. Toole, S. R. and D. J. Kieber, Effects of solar
radiation on the fate of dissolved DMSP and conversion to DMS in
seawater, Aquat. Sci., 2007, 69, 377–393.
203 W. G. Sunda, R. Hardison, R. P. Kiene, E. Bucciarelli and H. Harada,
The effect of nitrogen limitation on cellular DMSP and DMS release
in marine phytoplankton: Climate feedback implications, Aquat. Sci.,
2007, 69, 341–351.
204 C. A. Stedmon, S. Markager, L. Tranvik, L. Kronberg, T. Slatis
and W. Martinsen, Photochemical production of ammonium and
transformation of dissolved organic matter in the Baltic Sea, Mar.
Chem., 2007, 104, 227–240.
205 D. J. Kieber, D. A. Toole, J. J. Jankowski, R. P. Kiene, G. R. Westby, D.
A. del Valle and D. Slezak, Chemical “light meters” for photochemical
and photobiological studies, Aquat. Sci., 2007, 69, 360–376.
206 T. F. Mentel, J. Wildt, A. Kiendler-Scharr, E. Kleist, R. Tillmann, M.
Dal Maso, R. Fisseha, T. Hohaus, H. Spahn, R. Uerlings, R. Wegener,
P. T. Grifﬁths, E. Dinar, Y. Rudich and A. Wahner, Photochemical
production of aerosols from real plant emissions, Atmos. Chem. Phys.,
2009, 9, 4387–4406.
207 J. Laothawornkitkul, J. E. Taylor, N. D. Paul and C. N. Hewitt,
Biogenic volatile organic compounds in the Earth system (Vol 183,
pg 27, 2009), New Phytol., 2009, 184, 276–276.
208 J. D. Blande, K. Turunen and J. K. Holopainen, Pine weevil feeding on
Norway spruce bark has a stronger impact on needle VOC emissions
than enhanced ultraviolet-B radiation, Environ. Pollut., 2009, 157,
174–180.
209 T. R. Winter and M. Rostas, Ambient ultraviolet radiation induces
protective responses in soybean but does not attenuate indirect
defense, Environ. Pollut., 2008, 155, 290–297.
210 P. Tiiva, R. Rinnan, P. Faubert, J. Rasanen, T. Holopainen, E. Kyro
and J. K. Holopainen, Isoprene emission from a subarctic peatland
under enhanced UV-B radiation, New Phytol., 2007, 176, 346–355.
211 S. N. Matsunaga, A. B. Guenther, M. J. Potosnak and E. C. Apel,
Emission of sunscreen salicylic esters from desert vegetation and their
contribution to aerosol formation, Atmos. Chem. Phys., 2008, 8, 7367–
7371.
212 E. M. Sunderland, D. P. Krabbenhoft, J. W. Moreau, S. A. Strode and
W. M. Landing, Mercury sources, distribution, and bioavailability
in the North Paciﬁc Ocean: Insights from data and models, Global
Biogeochem. Cycles, 2009, 23, GB2010.
213 R. A. Witherow and W. B. Lyons, Mercury deposition in a polar desert
ecosystem, Environ. Sci. Technol., 2008, 42, 4710–4716.
214 A. P. Dastoor, D. Davignon, N. Theys, M. Van Roozendael, A. Steffen
and P. A. Ariya, Modeling dynamic exchange of gaseous elemental
mercury at polar sunrise, Environ. Sci. Technol., 2008, 42, 5183–5188.
215 L. S. Sherman, J. D. Blum, K. P. Johnson, G. J. Keeler, J. A. Barres and
T. A. Douglas, Mass-independent fractionation of mercury isotopes
in Arctic snow driven by sunlight, Nat. Geosci., 2010, 3, 173–177.
216 L. Fantozzi, R. Ferrara, F. P. Frontini and F. Dini, Factors inﬂuencing
the daily behaviour of dissolved gaseous mercury concentration in the
Mediterranean Sea, Mar. Chem., 2007, 107, 4–12.
217 M. Monperrus, E. Tessier, D. Amouroux, A. Leynaert, P. Huonnic and
O. F. X. Donard, Mercury methylation, demethylation and reduction
rates in coastal and marine surface waters of the Mediterranean Sea,
Mar. Chem., 2007, 107, 49–63.
218 N. J. O’Driscoll, L. Poissant, J. Canario, J. Ridal and D. R. S.
Lean, Continuous analysis of dissolved gaseous mercury and mercury
volatilization in the upper St. Lawrence River: Exploring temporal
relationships and UV attenuation, Environ. Sci. Technol., 2007, 41,
5342–5348.
219 S. C. Peters, J. L. Wollenberg, D. P. Morris and J. A. Porter, Mercury
emission to the atmosphere from experimental manipulation of DOC
and UVR in mesoscale ﬁeld chambers in a freshwater lake, Environ.
Sci. Technol., 2007, 41, 7356–7362.

This journal is © The Royal Society of Chemistry and Owner Societies 2011

Downloaded by University of Lancaster on 19 July 2012
Published on 20 January 2011 on http://pubs.rsc.org | doi:10.1039/C0PP90037K

220 L. Whalin, E.-H. Kim and R. Mason, Factors inﬂuencing the
oxidation, reduction, methylation and demethylation of mercury
species in coastal waters, Mar. Chem., 2007, 107, 278–294.
221 L. C. Chasar, B. C. Scudder, A. R. Stewart, A. H. Bell and G. R.
Aiken, Mercury cycling in stream ecosystems. 3. Trophic dynamics
and methylmercury bioaccumulation, Environ. Sci. Technol., 2009,
43, 2733–2739.
222 A. C. Luengen and A. R. Flegal, Role of phytoplankton in mercury
cycling in the San Francisco Bay estuary, Limnol. Oceanogr., 2009, 54,
23–40.
223 J. A. Ortega-Garcia, K. Rodriguez, M. Martin, D. D. Velez, V. M.
C. Sanchez-Alarcon, A. M. T. Cantero, C. G.-V. Galindo-Cascales, J.
M., M. F. Sanchez-Sauco, M. Sanchez-Solis, B. Alfonso-Marsilla and
F. Romero-Braquehais, Estimated intake levels of methylmercury in
children, childbearing age and pregnant women in a Mediterranean
region, Murcia, Spain, Eur. J. Pediatr., 2008, 168, 1075–1080.
224 P. M. Outridge, R. W. Macdonald, F. Wang, G. A. Stern and A. P.
Dastoor, A mass balance inventory of mercury in the Arctic Ocean,
Environ. Chem., 2008, 5, 89–111.
225 M. L. Brooks, D. M. McKnight and W. H. Clements, Photochemical
control of copper complexation by dissolved organic matter in Rocky
Mountain streams, Colorado, Limnol. Oceanogr., 2007, 52, 766–779.
226 J. H. Larson, P. C. Frost, Z. Y. Zheng, C. A. Johnston, S. D. Bridgham,
D. M. Lodge and G. A. Lamberti, Effects of upstream lakes on
dissolved organic matter in streams, Limnol. Oceanogr., 2007, 52, 60–
69.
227 G. C. Shank, R. F. Whitehead, M. L. Smith, S. A. Skrabal and R.
J. Kieber, Photodegradation of strong copper-complexing ligands
in organic-rich estuarine waters, Limnol. Oceanogr., 2006, 51, 884–
892.
228 R. P. Schwarzenbach, B. I. Escher, K. Fenner, T. B. Hofstetter,
C. A. Johnson, U. von Gunten and B. Wehrli, The challenge
of micropollutants in aquatic systems, Science, 2006, 313, 1072–
1077.

229 L. Lamon, M. D. Valle, A. Critto and A. Marcomini, Introducing an
integrated climate change perspective in POPs modelling, monitoring
and regulation, Environ. Pollut., 2009, 157, 1971–1980.
230 K. Ram and C. Anastasio, Photochemistry of phenanthrene, pyrene,
and ﬂuoranthene in ice and snow, Atmos. Environ., 2009, 43, 2252–
2259.
231 N. Matykiewiczova, J. Klanova and P. Klan, Photochemical degradation of PCBs in snow, Environ. Sci. Technol., 2007, 41, 8308–8314.
232 J. F. Niu, G. Yu and X. T. Liu, Advances in photolysis of persistent
organic pollutants in water, Prog. Chem., 2005, 17, 938–948.
233 J. J. Guerard, P. L. Miller, T. D. Trouts and Y. P. Chin, The role of
fulvic acid composition in the photosensitized degradation of aquatic
contaminants, Aquat. Sci., 2009, 71, 160–169.
234 D. M. Ricciuto, K. J. Davis and K. Keller, A Bayesian calibration of a
simple carbon cycle model: The role of observations in estimating and
reducing uncertainty, Global Biogeochem. Cycles, 2008, 22, GB2030.
235 R. L. McKenzie, P. J. Aucamp, A. F. Bais, L. O. Bjorn and M.
Ilyas, Changes in biologically-active ultraviolet radiation reaching the
Earth’s surface, Photochem. Photobiol. Sci., 2007, 6, 218–231.
236 J. Stroeve, M. M. Holland, W. Maier, T. Scambos and M. Serreze,
Arctic ice decline: Faster than forecast, Geophys. Res. Lett., 2007, 34,
L09501.
237 R. B. Setlow, The wavelengths in sunlight effective in producing skin
cancer: A theoretical analysis, Proc. Natl. Acad. Sci. U. S. A., 1974,
71, 3363–3366.
238 G. A. Meehl, T. F. Stocker, W. D. Collins, P. Friedlingstein, A. T. Gaye,
J. M. Gregory, A. Kitoh, R. Knutti, J. M. Murphy, A. Noda, S. C.
B. Raper, I. G. Watterson, A. J. A. J. Weaver and Z.-C. Zhao, Global
Climate Projections., in Climate Change 2007: The Physical Science
Basis. Contribution of Working Group I to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, ed. S. Solomon, D.
Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor
and H. L. Miller, Cambridge University Press, Cambridge, U. K.;
New York, NY, USA, 2007, pp. 747–845.

This journal is © The Royal Society of Chemistry and Owner Societies 2011

Photochem. Photobiol. Sci., 2011, 10, 261–279 | 279

