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Solar ultraviolet radiation and ozone depletiondriven climate change: eﬀects on terrestrial
ecosystems
J. F. Bornman,*a P. W. Barnes,b S. A. Robinson,c C. L. Ballaré,d S. D. Flinte and
M. M. Caldwellf
In this assessment we summarise advances in our knowledge of how UV-B radiation (280–315 nm),
together with other climate change factors, inﬂuence terrestrial organisms and ecosystems. We identify
key uncertainties and knowledge gaps that limit our ability to fully evaluate the interactive eﬀects of
ozone depletion and climate change on these systems. We also evaluate the biological consequences of
the way in which stratospheric ozone depletion has contributed to climate change in the Southern Hemisphere. Since the last assessment, several new ﬁndings or insights have emerged or been strengthened.
These include: (1) the increasing recognition that UV-B radiation has speciﬁc regulatory roles in plant
growth and development that in turn can have beneﬁcial consequences for plant productivity via eﬀects
on plant hardiness, enhanced plant resistance to herbivores and pathogens, and improved quality of agricultural products with subsequent implications for food security; (2) UV-B radiation together with UV-A
(315–400 nm) and visible (400–700 nm) radiation are signiﬁcant drivers of decomposition of plant litter in
globally important arid and semi-arid ecosystems, such as grasslands and deserts. This occurs through
the process of photodegradation, which has implications for nutrient cycling and carbon storage,
although considerable uncertainty exists in quantifying its regional and global biogeochemical signiﬁcance; (3) UV radiation can contribute to climate change via its stimulation of volatile organic compounds
from plants, plant litter and soils, although the magnitude, rates and spatial patterns of these emissions
remain highly uncertain at present. UV-induced release of carbon from plant litter and soils may also contribute to global warming; and (4) depletion of ozone in the Southern Hemisphere modiﬁes climate
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directly via eﬀects on seasonal weather patterns ( precipitation and wind) and these in turn have been
linked to changes in the growth of plants across the Southern Hemisphere. Such research has broadened
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our understanding of the linkages that exist between the eﬀects of ozone depletion, UV-B radiation and
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climate change on terrestrial ecosystems.

Introduction
We have focused mainly on recent work in order to highlight
the progress made to date, and to attempt an analysis of the
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complexity of both independent and interacting factors on terrestrial ecosystems in terms of UV radiation and other environmental constraints, including emerging evidence of the role of
stratospheric ozone trends in aﬀecting climate.
Ozone depletion, changed exposure to ultraviolet-B (UV-B,
280–315 nm) radiation, and climate change exert both individual and interactive eﬀects on biological systems, with intricate feedbacks.1,2 Some of the key factors interacting with UV
radiation that aﬀect organism response are water availability,
temperature, and nutrient availability. UV radiation has also
been implicated as a contributor to global warming through
its stimulation of volatile organic compounds from plants,
plant litter and soils. Emission of carbon dioxide (CO2) from
plant litter and soils may also contribute to global warming.3,4
Ozone depletion modifies Southern Hemisphere summer
weather through its eﬀect on the Southern Annular Mode
(SAM), with consequences for plant growth in South America,
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New Zealand, and Antarctica already reported.5–7 These
impacts of ozone depletion on other climate factors (e.g. wind
patterns, precipitation, and warming) may result in an increase
in the interactive eﬀects of UV radiation with drought and
temperature. Other seasonal weather phenomena need to be
taken into account to gain an accurate perspective of the
diﬀerent determinants of UV exposure on terrestrial organisms. These include La Niña and El Niño events, which change
cloud cover, winds, sea surface temperatures, and atmospheric
pressure at sea level. In addition, changes in land-use and
vegetation cover, which also feed back to climate systems, have
implications on the exposure, and thus response, of organisms
to UV radiation.
During the course of research on the eﬀects of UV radiation, much emphasis has been placed on the potential detrimental impacts on plants and ecosystems. However, the
balance of recent evidence is shifting to show that while some
detrimental eﬀects do occur, UV radiation is also a key regulator of plant morphology and physiological, biochemical and
genetic processes, and is important in animal and plant signalling. Following on from this line of investigation, it has also
become apparent that UV radiation and climate variables can
be usefully exploited for value-adding to, e.g., agricultural
crops.8 The emerging concept, that agricultural2,9 plants can
become more hardy through exposure to UV radiation, represents a marked shift in perspective.8,9 In addition, certain
plants produce more medicinal compounds with exposure to
UV radiation.10 The overall objective is to boost the quality
and/or quantity of the yield, usually selectively, e.g. by making
plants less prone to attack by pests and diseases. Concepts
such as that of “eustress” are also relevant. Eustress is analogous to “priming” where a stress is imposed on plants to
acclimate them and develop tolerance, which facilitates better
growth when exposed to a more severe stress.9,11
Exposure to ecologically-relevant levels of UV radiation is
generally not deleterious as long as plants are able to acclimatise, although this depends on the environmental conditions, including climate variables, latitudinal location12 and
plant type (e.g. whether plants are herbaceous or woody). Consequently, the direct negative eﬀects of exposure to UV-B radiation on plant growth, photosynthesis, and productivity are
generally minor, or not detectable (summarised in metaanalyses by Searles et al.13 and Newsham and Robinson14).
However, indirect eﬀects of exposure to UV radiation are often
more pronounced than direct eﬀects and need to be addressed
to obtain a holistic perspective of the role of UV radiation as a
regulator and modifier of ecosystem and organism response.
In this current assessment, we focus on the way in which
UV radiation, stratospheric ozone trends, climate and other
phenomena aﬀect the biosphere, in order to better understand
the current interactive eﬀects from diﬀerent stresses and to
identify possible new interactions and their implications. This
will allow for an evaluation of the capability of terrestrial ecosystems to adapt to a changing environment in which UV radiation plays an integral part in the response. Additionally, an
assessment of these interactive processes on organisms and
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ecosystems recognises that the eﬀects of UV radiation often
represent a balance of both positive and negative influences.2
Although the role of UV-B radiation is a major consideration in
this paper, other relevant and often interacting factors, such
as stratospheric ozone trends and climate change cannot be
meaningfully separated.

Multiple plant stresses and their
implications in the response to UV
radiation
Evaluation of the eﬀect of diﬀerent levels of exposure to UV-B
radiation, whether beneficial or not, is complicated by the
dependency on many other variables, including the sensitivity
of diverse ecosystems and species. This diﬀerential sensitivity,
which results in distinctive response patterns, reflects the complexity of the biosphere as our understanding increases.
UV radiation, temperature and drought
The volume of research concentrating on the impacts of UV
radiation and drought is indicative of the increasing awareness
of a changing climate coupled with other interlinking factors.
However, there are still several knowledge gaps, e.g. at the
mechanistic level around drought and UV-B signalling interactions and the consequences at the molecular level leading to
plant response. Areas such as the Middle East, North Africa,
certain regions of Australia and the Mediterranean are particularly vulnerable to climate change.15 Research on plants originating from drought-prone regions (e.g. the Mediterranean
area), provides insight into current and potential long-term
constraints for growth of agricultural plants and ecosystems by
increased temperature, scarcity of water and enhanced
exposure to UV radiation.16 Predicted decreased cloudiness in
the Mediterranean area is likely to enhance exposure to UV-B
and UV-A radiation (315–400 nm).17 Other co-occurring factors
modifying UV radiation at the Earth’s surface include air pollution and aerosol load.18
High solar radiation, high temperatures, and drought conditions can lead to an array of responses including oxidative
stress and physiological and metabolic acclimation.19 The frequently observed, although not universal, cross-tolerance to
drought stress and UV radiation is in contrast to the increased
sensitivity to UV radiation that can occur in adequately
watered plants (Caldwell et al.20 and references therein and
others21–23). For example, in many woody Mediterranean
plants, several physiological and biochemical traits (e.g. plant
growth, net rate of assimilation of CO2, and photochemistry)
show little response to changes in UV radiation against a background of high temperatures and drought periods.23
UV radiation and other stress factors can increase allocation
of newly assimilated carbon to polyphenols, and in particular,
flavonoid compounds, indicative of an energy shift in order to
acclimate to stress conditions (Ballaré et al.1 and references
therein and Guidi et al.19). The lack of a substantial response
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to UV radiation in many of the parameters measured in Mediterranean plants may also be explained by biochemical acclimation induced by the visible part of the solar spectrum, thus
leading to acclimation to UV, and ultimately adaptation.19 This
involves eﬀective scavenging of reactive oxygen species and
other protective mechanisms such as morphological, physiological, and biochemical changes16 that contribute to drought
and high temperature tolerance, as well as positive plant–
insect interactions.24 Decreased plant productivity and
changes in crop quality may, however, occur with long-term
and multiple stress exposure.

Significance of sequential stress
In the context of interactive stresses, recent work has continued to address the importance of the sequence in which
plants are exposed to the diﬀerent stresses (reviewed in
Bandurska et al.25), although further supporting research is
needed in this area. Field studies are also lacking, which may
be a reflection of the diﬃculties encountered in trying to
evaluate sequential stresses under more natural conditions. A
growth chamber study by Bandurska and Cieslak26 showed
that exposure of plants to UV-B radiation and drought,
whether in combination or individually applied, aﬀected metabolic processes diﬀerently at diﬀerent locations within the
plant. With separate applications of enhanced UV-B radiation
and simulated drought conditions, plant growth is often
retarded and oxidative stress increases. In general, exposure to
both UV-B radiation and drought can elicit a number of
physiological and biochemical responses that are common to
both abiotic stresses. These involve increases in oxidative
stress through production of reactive oxygen species, including
hydrogen peroxide and nitric oxide, growth inhibition and, in
some cases, the induction of phenolic compounds (Bandurska
et al.26 and references therein). UV-induced oxidative damage,
such as lipid peroxidation, can be reduced by pre-exposing
plants to mild drought conditions.
Sequential or simultaneous exposure to stress factors can
also be genotype-specific. For example, as illustrated in a
growth-chamber study, drought-susceptible genotypes were
more adversely aﬀected by simultaneous application of
enhanced UV-B radiation and drought conditions than the
drought-tolerant genotype.27 However, the response may diﬀer
under natural environments. When either drought or
enhanced UV-B radiation is first supplied singly, the negative
eﬀects may be lessened when followed by the other stress.27
Similarly, pre-exposure of plants to enhanced levels of UV-B
radiation before exposure to high levels of visible light and
high temperatures results in an increase in photosynthesis
and relative growth.8 Pre-exposure to relatively high temperatures can also induce UV tolerance.28
These studies are of relevance particularly for horticultural
practices, where the vitality of plants can be increased through
exposure to the relevant sequential stress prior to transfer
from a greenhouse/nursery to open field conditions.
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Fertiliser application and nitrogen deposition
The degree of complexity of plant and ecosystem responses to
multiple environmental and climatic factors is becoming
increasingly evident as research moves from single-stress
experiments to more natural environmental conditions. This is
exemplified by a number of recent field studies where application of fertiliser to plants exposed to enhanced UV radiation
induced varied responses. Fertiliser can modify the eﬀects of
elevated temperature and UV-B radiation. For example,
changes in some secondary metabolites, including certain
phenolic compounds and alkaloids, occur, as was shown in
Norway spruce (Picea abies L.).29 Furthermore, increased sensitivity towards enhanced UV-B radiation may result where fertiliser is applied in excess of recommended levels.30 This was
manifested in a shift in biomass towards the shoots of fieldgrown radish plants, causing a loss in yield compared to
growth with recommended levels of nitrogen (N), phosphorus
(P), and potassium (K).30 In contrast, additional but not excessive N may alleviate the negative eﬀects of UV-B radiation
stress.31,32
Volatile organic compounds
Several environmental stresses, both biotic and abiotic, stimulate the emission of volatile organic compounds (VOCs) from
plant tissues, partly as a protective mechanism.33,34 While a
large diversity of VOCs are produced from terrestrial ecosystems, only a few of these compounds contribute substantially
to the total emissions.35 So far, only a few studies have focused
on co-occurring stresses33,36 to elucidate the potential interactive eﬀects on VOC emissions. These stressors include UV radiation, drought, soil moisture, temperature, tropospheric
ozone, and herbivore attack, presenting a challenge in terms
of quantifying their individual and combined contributions to
emissions of VOCs at a local, regional and global level. This
complexity is further overlaid by the variable nature of emissions according to the type of plant. VOCs such as isoprene are
potential contributors to increasing greenhouse gases37 and
thus may modify atmospheric composition, including extending the lifetime of methane.38 For example, one of the major
sources of tropospheric carbon monoxide (CO) is oxidation of
isoprene, and the scavenging of OH radicals by CO reduces the
oxidation rate of methane, increasing its lifetime.
Isoprene, the most environmentally important VOC emitted
from terrestrial plants, contributes to ca. 50% of the total
global biogenic VOCs.35 While UV-B radiation and temperature
can have interactive eﬀects on VOC emissions, temperature is
the more significant driver of increasing emissions. Those
factors that stimulate VOC emissions, including UV radiation,39 result in an energy-cost to plants with a potential loss
in productivity as a result of allocation of energy and carbon
to, for example, the synthesis of isoprene.33,40 The extent to
which UV radiation plays a stimulatory role in VOC emissions
is currently unknown.
VOCs from a range of terrestrial and certain marine systems
have been widely measured, including in extreme environ-
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ments such as the Arctic regions and deserts. The eﬀects of
enhanced UV-B radiation on emissions of VOCs from subArctic peatlands are highly variable, even when averaged over a
growing season, ranging from no detectable change to 60%
greater compared to ambient UV-B treatments.41–43 Thus,
emissions of VOCs from plants and peatlands reflect the prevailing environmental conditions, including temperature,
availability of water and UV radiation,39,44,45 and can lead to
further interactions and feedbacks within the biosphere.
Methane, the second most important greenhouse gas after
carbon dioxide, is produced by both microbial and nonmicrobial mechanisms as well as geological processes.
Methane is emitted from peatlands and wetlands (Fig. 1) as
well as from other vegetation types,45 soils, surface waters,
animals, and fungi (Wang et al.46 and references therein).
Microbially-produced methane has been well documented
(Wang et al.46 and references therein), while methane production from oxygen-rich environments (non-microbial production) has only recently been investigated and its
implications discussed. Recent estimates of emission of
methane from plants indicate that this may be very low,
although these estimates have varied substantially (e.g. contributing <0.2% to 40% of all methane released to the
atmosphere).47–50 The source of methane emitted from vegetation is still under investigation, with reports suggesting emission is from an internal, plant structural cell wall component,
pectin,51 or from surface waxes of leaves, the production of
which may be stimulated by UV radiation.52 Additional factors
leading to the stimulation of methane emissions include production of reactive oxygen species induced by environmental
stress and injury to plants.53–55
As is the case for many of the non-methane VOCs, the magnitude of methane emissions is variable and dependent on
location and ambient conditions including UV radiation. A
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long-term study over 6 years showed that enhanced UV-B radiation in a boreal peatland increased methane emissions.45 A
complementary study on the emission of methane from trees
growing in natural wetlands showed that emissions from trees
exceeded those of the peatland on which they were growing.
These studies found that wetland trees mediated emission of
methane from the peatland.56 In contrast, a study of a wetland
(fen) in Northern Finland over three growing seasons did not
show UV-B induced changes in net emission of methane,
although enhanced UV-B radiation contributed to a slight
increase in the organic acid precursors for methanogenesis.57
In field experiments specifically studying the response of rice
plants and paddy fields to enhanced UV-B radiation, UV-B supplementation using lamps significantly increased the emission
of methane from the paddy, especially between the tillering
and heading stages of the rice. At the same time, decreased
tiller number and biomass occurred as a response to the
enhanced UV-B radiation levels.58
The important roles played by VOCs in ecosystem functioning – from inter- and intra-plant communications to plant
chemical defence that decreases damage by herbivores – need
to be analysed within a dynamic environment of interacting
stresses from rapid and frequent climate events and changes
in exposure to UV radiation. These factors should be considered when addressing the roles of diﬀerent VOCs in mediating the diverse range of interactions occurring in ecosystems.
In general, further investigations under natural environmental
conditions are required to clarify the overall significance of UV
radiation as a contributing factor to VOC emissions from
plants and peatlands.

The ozone ‘hole’ as a driver for
Southern Hemisphere climate and
ecosystem change
The role of ozone depletion in Southern Hemisphere climate
processes59 has been largely overlooked in the biological literature and this section highlights some of the ways ozone
depletion, independent of UV radiation, has aﬀected ecosystems through climatic change. While these climate perturbations are likely to have had a significant impact over the
past few decades they have only recently started to be considered at the ecological level.
The ozone ‘hole’ moderates Southern Hemisphere climate

Fig. 1 Wetland ecosystems, such as in south-eastern Louisiana, USA,
are important sources of methane and have been the subject of a
number of studies examining the eﬀects of UV radiation on methane
emissions ( photograph: P. Barnes).
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Ozone depletion and our response to it have had major implications for the Earth’s climate. In the Southern Hemisphere,
the ozone ‘hole’ has been a dominant driver5–7 of atmospheric
circulation changes since the 1970s and has shielded Antarctica from much of the eﬀects of global warming.6,60–63
The Southern Hemisphere Annular Mode (SAM), or Antarctic Oscillation, refers to the diﬀerence in atmospheric pressure
between the mid- and high-latitudes of the Southern Hemisphere and thus the position of the polar jet. When the SAM
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index is positive the polar jet is located towards the South Pole
and when it is negative it moves northwards. Since the late
1970s, the atmospheric polar jet has shifted south by 1–2° of
latitude and increased in strength by 15–20%.64,65 The
observed trend in the SAM has been largest during the austral
summer and this is believed to be driven primarily by the
development of the Antarctic ozone ‘hole’ (Thompson et al.5
and references therein). From records of ice cores it appears
that intensification of the westerlies started over a century ago,
driven by increases in greenhouse gases, but in recent decades
the intensification associated with ozone depletion has been
more pronounced.66 The SAM index is now at its highest level
for at least 1000 years.67
Climate-related eﬀects of ozone depletion on Southern
Hemisphere ecosystems
The changes to circumpolar westerly winds attributed to ozone
depletion are likely to have far-reaching consequences for biological ecosystems, particularly due to the influence of wind
on the availability of water. The availability of liquid water to
organisms broadly depends on the balance between annual
precipitation and losses by evaporation, sublimation, and
freezing. Increased wind causes evaporation, and in polar and
alpine environments, sublimation and scouring of snow.68 In
Antarctica, increased wind speeds have been linked to
decreased growth rates of plants69 and changes in biodiversity
in lakes70 in East Antarctica (Fig. 2). These changes are correlated with declining availability of water in East Antarctic
coastal sites associated with increasing wind speeds and, in
the case of moss growth rates, ozone depletion (Fig. 2). This
research thus links ozone depletion to negative biodiversity
outcomes through factors other than increasing UV-B radiation
(reviewed in Robinson and Erickson7).
Winds also transport dust (including nutrients, seeds,
spores, and other reproductive structures) from lower latitudes
into the Southern Ocean and central West Antarctica (Fig. 2).
Changes to either the location or strength of winds can aﬀect
the sources of dust and the quantities transported, with widespread implications including changes in productivity of the
ocean. For example, increased wind-blown iron deposited into
the ocean leads to phytoplankton blooms, indicative of
increased productivity.71,72
These biological impacts are not restricted to the Antarctic.
Significant changes to tree growth across the Southern Hemisphere in the last 50 years, relative to the previous 250 years,
correlate with ozone ‘hole’-influenced changes to the SAM73
(Fig. 2). This is illustrated by the ca. 50% decline in growth
rates of three species of trees (Austrocedrus chilensis, Araucaria
araucana and Nothofagus betuloides) in southernmost South
America since the 1950s, associated with SAM-induced
decreased precipitation in the Andes. Similarly, changes to circulation patterns have increased precipitation over sub-alpine
areas of New Zealand resulting in greater than average rates of
growth in another tree species (Halocarpus biformis). In this
case, a third of the growth increase was attributed to changes
in the SAM.73
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Recent modelling studies suggest that stratospheric ozone
losses since the 1970s have also increased the frequency and
intensity of extreme precipitation in austral summer.74,75 This
has resulted in drying at the southern tip of South America
and SW Australia, wetter summers in SE Australia, E New
Zealand and SE South America and increased precipitation and
freshening (increase in freshwater input) in the Southern Ocean76
(Fig. 2). Given the importance of water availability for all life on
Earth, the vital role it plays in human and ecosystem health and
for food security, these findings suggest that ozone depletion
has far greater ecosystem impacts than previously anticipated.
In particular, extremes of precipitation (droughts and floods)
can be economically and socially devastating (cf. IPCC77).
Changes to the Southern Hemisphere circulation processes
can have wider modifying eﬀects than simply on wind speeds
and associated water availability. It has been suggested that
the shift to warmer summers in Southern Africa strongly correlates with the large ozone ‘hole’ era (1993–2010).78 Manatsa
et al.78 re-analysed satellite data, focusing on October–December, to separate the eﬀect of greenhouse gases on the SAM
index from eﬀects attributed to the ozone ‘hole’ (Fig. 2). While
this analysis does not specifically link to biological impacts, it
illustrates the potential eﬀects of the ozone ‘hole’ in terms of
human health, natural ecosystems, and agriculture. It also
illustrates the need to investigate the role of the ozone ‘hole’ in
ecological processes and systems other than those directly
related to changes in UV radiation. Since ozone depletion is
driving multiple stressors across the Southern hemisphere (e.g.
increased UV-B radiation combined with either increased
drought or increased precipitation), the interactive eﬀects
described above need to be considered.
Recovery of the ozone ‘hole’ over the next century will have
widespread and complex eﬀects on Southern Hemisphere
climate processes with counter forcing from greenhouse gas
emissions predicted to play a pivotal role.79 Contrary to expectations, some consequences of ozone depletion have been
positive, such as maintaining Antarctica’s cold temperatures,
and their reversal may have negative eﬀects for life on Earth. A
more holistic picture of the true ecological consequences of
ozone depletion on terrestrial, aquatic and marine ecosystems
in the Southern Hemisphere is required in order to better
project future changes and ways of mitigating risk.7

UV-B radiation and litter
decomposition
Decomposition of organic material is a crucial component of
global biogeochemical cycles that aﬀects soil fertility, the fate
and residence times of carbon and nutrients in organic matter
pools, and ultimately plant community composition and
production.43
Although the activity and make-up of the decomposing
microbial community (bacteria and fungi) are key determinants of decomposition, solar radiation, including the UV-B
component, plays a significant role. Recent studies, including
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Fig. 2 The Southern Hemisphere showing the impacts of the positive phase of the Southern Annular Mode (SAM) on atmospheric circulation, wind patterns and precipitation, as well as oceanic
currents and temperatures. The associated eﬀects of these climate changes on terrestrial ecosystems are shown where available. Over the past century, increasing greenhouse gases and then
ozone depletion over Antarctica have both pushed the SAM towards a more positive phase and the SAM index is now at its highest level for at least 1000 years.67 During the summer months the
positive phase of the SAM is strongly associated with ozone depletion. NZ, New Zealand. The ﬁgure, produced by Andrew Netherwood, has been modiﬁed from Robinson et al.7
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several meta-analyses,80,81 have increased our understanding
of the ecological significance of UV-B radiation on decomposition, including the fundamental mechanisms by which UV-B
(and UV-A) radiation modifies the decomposition process, and
the potential linkages between changes in UV radiation and
other climate change factors. These analyses indicate that
UV-B radiation, at ambient or enhanced levels, has complex
eﬀects on decomposition of litter and can either retard or
accelerate rates of decomposition depending on UV-B
exposure, climatic factors (e.g. temperature and precipitation),
and litter chemistry and structure. The conditions and ecosystems where UV-B radiation is expected to play a significant role
in litter decomposition are described below.
UV exposure of litter and wavelength sensitivity of
decomposition processes
Ultimately, the eﬀectiveness of incident solar UV radiation on
the decomposition of litter is determined largely by exposure
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to UV and the sensitivity of the underlying decomposition processes to the wavelength (Fig. 3). At present, little is known of
the precise nature of the dose–response relationships for the
various mechanisms of UV-driven decomposition and what
action spectra best describe the sensitivity of these processes.
This makes it diﬃcult to quantitatively assess the importance
of the eﬀects of ozone depletion and associated changes in UV
radiation on the decomposition of litter, storage of carbon by
ecosystems and the emissions of CO2 and other trace gases
from decomposing plant litter. Recent studies have highlighted the importance of factors such as cloud cover,1,82 vegetation structure,82 litter depth,83 litter orientation,84 and soil
coverage85 in altering the exposure of litter to UV radiation
(Fig. 3 and 4). Also, while several recent studies have shown
that photodegradation can be driven by UV-A and visible radiation ( photosynthetically active radiation; PAR, 400–700 nm)
in addition to the UV-B component,86,87 little progress has
been made in developing action spectra for specific biotic

Fig. 3 Conceptual model of the direct and indirect eﬀects of solar UV radiation (290–400 nm) on the decomposition of terrestrial leaf litter, including potential interactions with other environmental factors. The total exposure of litter to UV radiation will depend on a combination of climatic,
landscape/vegetation and species-speciﬁc factors. UV radiation generally reduces rates of biotic decomposition, whereas abiotic processes tend to
enhance decomposition. Both processes exhibit distinct wavelength sensitivities (as seen from action spectra) depending on the underlying chromophores and mechanisms involved. Indirect eﬀects of UV radiation are primarily mediated by those on leaf chemistry and structure, leading, e.g., to
decreasing attractiveness of the litter for decomposing microbes. The role played by UV radiation on decomposition can depend also on other
environmental factors interacting with biotic and abiotic processes and leaf chemistry and structure. The net eﬀect of solar UV radiation on rates of
decomposition, nutrient cycling and carbon storage will depend on the combined eﬀects of biotic and abiotic processes and may be positive, negative or neutral. PAR, photosynthetically active radiation (400–700 nm).
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of microbes, which then retards rates of decomposition (Fig. 3;
see also ref. 1, 82, 89). However, microbial species vary in their
sensitivity to UV-B radiation, as evidenced by studies demonstrating insensitivity of certain bacterial and fungal species to
UV-B radiation in extreme environments.90,91 Consequently,
the overall eﬀect of solar UV radiation (UV-B + UV-A) on the
community composition of microbial decomposers is
complex92,93 and requires a multi-criteria approach.
UV radiation and photodegradation of litter

Fig. 4 Temporal and spatial aspects of litter production and distribution
in a semi-desert savanna in the Sonoran Desert, southern Arizona,
USA. A. End-of-growing season standing litter of the C4 grass, Heteropogon contortus with the winter-deciduous shrub, Prosopis velutina
before leaf drop. At this time of year there is signiﬁcant potential for
photodegradation of the standing litter of the grass. B. Spatial variation
in bare ground, surface litter accumulation and light conditions under
and near a P. velutina canopy after leaf drop and prior to the onset of
the growing season. Once litter reaches the ground it can be redistributed across the landscape and mixed with soil such that microbial-driven
decomposition increases while photodegradation decreases ( photograph: S. Archer).

The abiotic process of photodegradation occurs via photochemical mineralisation of photo-reactive compounds, such as
lignin, and/or the transformation of compounds as a result of
UV-induced formation of reactive oxygen species and other
intermediates.80,86 In addition, apparent photodegradation is
enhanced in the presence of oxygen but can also occur under
anoxic conditions,4 indicative of the involvement of multiple
chemical pathways.80 Generally, rates of photodegradation
tend to increase with increasing moisture content of litter87,94
and air temperature.4
The eﬀects of UV radiation on biotic (microbial) and abiotic
( photodegradation) processes are not entirely independent
and there is evidence that photodegradation can modify or
partially degrade compounds in ways that enhance or retard
subsequent microbial decomposition of litter (i.e. photopriming95,96) Thus, even when direct photodegradation has a minor
eﬀect on the loss of mass of litter, subsequent biological turnover can be positively correlated with the length of prior
exposure to radiation.95 Photopriming may be of particular
importance in the “conditioning” of litter prior to its detachment from living vegetation (i.e. “standing litter”; Fig. 4) and
incorporation into the soil.86 However, photopriming can
enhance carbon mineralisation from organic matter at the soil
surface.97 In addition, susceptibility to photopriming will vary
among plant species. Future photopriming experiments with
multiple species in field situations are needed to assess
whether this is a frequent or important facet of the photodegradation processes.
Eﬀects of UV radiation on decomposition mediated by plants

(microbial) and abiotic ( photodegradation) decomposition
processes (Barnes et al.82 and references therein; but see Gao
and Garcia-Pichel88).
Eﬀects of UV radiation on decomposer microorganisms
Solar UV-B radiation aﬀects litter decomposition in terrestrial
ecosystems via several mechanisms including direct eﬀects on
microbes and abiotic photochemistry ( photodegradation), as
well as through indirect eﬀects mediated through alterations
in leaf chemistry (Fig. 3; Barnes et al.82) These mechanisms
can interact with one another and multiple pathways of
decomposition can occur within a given process (see below).
These processes are diﬃcult to diﬀerentiate under field conditions. Hence, the quantitative importance of individual
eﬀects is largely unknown. In general, UV-B radiation tends to
have negative eﬀects on the growth, survival, and reproduction
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Solar UV-B radiation can alter the chemistry and structure of
living plant tissue, which then makes subsequent litter less
suitable for the growth of decomposing microbes (Fig. 3; see
also ref. 82 and 89). These UV-induced changes in plant tissue
chemistry generally involve stimulation of the production of
phenolic compounds that function in the protection of plants
against UV radiation,13,98 although concentrations of other
chemical constituents (e.g. C, N, P, K, lignin, C : N) can change
as well.89 UV-B-induced changes in leaf chemistry need further
evaluation for their potential role in photodegradation.
Interactive eﬀects of UV radiation, climate and vegetation on
decomposition
Photodegradation results in the eﬄux of a number of gases,
including CO2,4,99 CH4,49,51 carbon monoxide (CO),4,87 and
nitrous oxide (N2O).95 Analyses suggest that photodegradation
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of surface litter can have measurable eﬀects on landscape-level
rates of the flux of CO2, and ultimately carbon storage.99,100
The potential therefore exists for significant involvement of
UV-driven photodegradation in influencing atmospheric CO2
levels and carbon sequestration, at least in certain ecosystems.
The magnitude of these eﬀects, however, is at present
uncertain.
Under field conditions, the eﬀects of UV-B radiation on
microbial decomposition and photodegradation usually occur
simultaneously, such that the net impact of UV-B radiation
will reflect the balance of the biotic and abiotic mechanisms82,94 (Fig. 3). Consequently, UV-B radiation can have a
positive, negative or neutral eﬀect on decomposition, depending on environmental conditions and quality of the litter.
Under dry conditions, exposure to UV-B radiation tends to
increase decomposition via photodegradation. In contrast,
where litter is exposed to UV-B radiation under moist conditions, rates of decomposition of litter generally decrease.
This could reflect the inhibition of microbial activity by the
UV-B radiation. Results from a recent meta-analysis of 93 field
and laboratory studies conducted across six biomes (natural
environmental communities), revealed the complex role of
UV-B radiation in the decomposition of litter.81 Investigators
reported that the direct eﬀects of elevated and ambient UV-B
radiation tended to increase the rate of decomposition (7 to
23%). However, the indirect eﬀects (i.e. plant-mediated eﬀects)
were variable in magnitude and direction (−7 to 12%) depending on exposure to UV radiation. None of these positive and
negative changes were statistically significant, however.
Overall, the eﬀects of UV-B radiation on litter decomposition
are influenced by exposure to UV-B radiation, climatic factors
(temperature and precipitation), and litter chemistry. While
these findings are generally consistent with our understanding
of the role of UV-B radiation on decomposition rates, they do
indicate that detecting a statistically significant eﬀect of UV-B
radiation on the decomposition of litter may often be diﬃcult
within the limits of field experiments.
In arid and semi-arid climates (referred to as dryland ecosystems), UV-B radiation has significant and measurable
impacts on decomposition (Fig. 4). These ecosystems typically
receive large solar UV radiation fluxes at ground level, high
temperatures, and low and highly variable precipitationconditions that tend to shift the balance of eﬀects of UV-B
radiation on decomposition in favour of abiotic photodegradation processes. Photodegradation is now being considered as
an important process aﬀecting carbon cycling and storage in
these systems. However, most studies in drylands have not
explicitly considered factors that routinely alter the exposure of
litter to UV radiation (e.g., litter depth, soil-litter mixing and
litter movement across the landscape). While such studies may
reasonably determine the decomposition of attached standing
plant litter, their extrapolation to decomposition of detached
plant litter on soil surfaces fails to account for these factors
that can strongly mediate or even negate the abiotic eﬀects.
Thus, use of more realistic field conditions in experiments
would serve to increase understanding and allow a more rigo-
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rous quantification of the role of solar UV-B and UV-A radiation on the decomposition of litter and biogeochemistry. In
general, these findings highlight the linkages between
changes in UV-B radiation, climate, and land-cover and
suggest that these may alter the magnitude and even the direction of the eﬀect of UV-B radiation on decomposition in terrestrial ecosystems.
It is evident that the degree of photodegradation varies with
plant species and chemical composition of the litter.4,101 A
meta-analysis of data from 50 field studies largely from
dryland ecosystems80 showed that loss of mass due to photodegradation alone is, on average, 23%, but considerable variation occurs in rates among and within study sites. The
variation in photodegradation was related to structural and
chemical attributes of litter (area : mass and C : N ratios but
not lignin content), precipitation, and exposure to solar radiation. This suggests that photodegradation may be an important but historically overlooked mechanism of decomposition
in these systems and may account for the discrepancies
between measured rates of decomposition and those predicted
from ecosystem models based largely on climatic factors
(temperature
and
precipitation)
and
initial
litter
quality.80,102–104 However, the role of the UV-B radiation component may be less eﬀective than that of short wavelength
visible radiation, as suggested by the meta-analysis of King
et al.,80 although more evidence is needed to confirm this.
Elevated UV-B radiation and deposition of N also aﬀect
decomposition of plant litter, an important aspect of nutrient
cycling.43 A field experiment in China showed that a combination of UV radiation and N deposition markedly increased
the rate of litter decomposition under bamboo stands.105 Also,
loss of carbon and phosphorus, and lignin degradation were
promoted. Nitrogen deposition changes the availability of N in
soil as well as the enzymatic activity of soil microbes such that
increasing N can stimulate decomposition of litter. In contrast,
enhanced UV-B radiation may decrease release of N from plant
litter, probably through a direct eﬀect on the microbial decomposers. Opposite outcomes of the eﬀects of UV-B radiation and
deposition of N have also been documented where the type of
litter and ambient environmental conditions diﬀer.105

UV radiation, soil organisms and
belowground processes
Previous assessments have reported that although UV radiation does not penetrate soil to any great extent, a variety of
soil-dwelling organisms and processes below ground can be
modified indirectly via the eﬀects of UV radiation on plants
and plant litter. This occurs through UV-B-induced alterations
in the chemistry of the leaf, which in turn can aﬀect the
physiology and composition of species of decomposer microorganisms (bacteria and fungi) in soil. There is considerable variation in these responses, depending on species, ecosystem
type and developmental stages of the associated plants.1,106,107
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While certain compounds in roots, such as flavonoids, can
change in response to aboveground exposure of plants to UV-B
radiation,108 a number of interactions in the soil immediately
around root systems (rhizosphere) are mediated by flavonoids
present in the exudates of roots.109 These include signalling
between the root and Rhizobium (N-fixing bacteria), mycorrhizal infection, and plant–plant allelochemistry (release of biochemicals by plants that may be harmful or beneficial, i.e.
allelopathy).110 Solar UV radiation has been implicated in
playing a role in altering competitive interactions between
invasive and native plant species by increasing the negative
allelopathic eﬀects of exotic species on native species.111 In
field studies,112 exclusion of solar UV radiation significantly
increased root growth, root nodulation, nitrogenase activity,
and the leghaemoglobin and hemechrome contents in root
nodules, suggesting a negative eﬀect on the fixation of nitrogen in certain species under ambient levels of solar radiation.
The potential exists for significant modifications in soil invertebrate communities in Antarctic and Arctic ecosystems currently experiencing appreciable ozone depletion and climate
change. Reduction in herbivory by insects under solar UV-B
radiation would be expected to be driven largely by diﬀerences
arising from plant biochemistry and composition of vegetation
rather than by direct eﬀects of elevated UV-B radiation on
these organisms.113 Although additional studies are clearly
needed, these findings suggest a role for UV-B radiation in
several belowground processes, which would have important
consequences for mineral-nutrition of plants, storage of
carbon in soil, biogeochemical cycles, and composition of
plant species.

Implications of UV-induced changes in
plant defence systems
Exposure of plants to solar UV-B radiation leads to an increase
in several secondary metabolites that play a key role in the
interactions of plants with other organisms, including herbivorous insects and microbial pathogens (Paul et al.,93
reviewed in Ballaré et al.114). Reduction in herbivory by insects
under solar UV-B radiation is well documented in field-grown
plants1 with the majority (>80%) of such studies reporting
increases in plant damage or insect growth when solar UV-B
radiation is experimentally reduced.115,116 Direct avoidance of
UV radiation by many insects partly accounts for the reduction
in herbivory.117,118 There are also some indications that, under
ambient levels of UV-B radiation, infection of plants by pathogens is reduced.119,120 Pretreatment of plants with UV-B radiation before inoculation with a pathogen can also increase
resistance to infection.120
Some of the increased production of secondary metabolites
by UV-B radiation that boost plant defenses against pests
includes leaf phenolics,120–122 conjugated polyamines,122 diterpenes123 and, in some cases, defense-related proteins such as
proteinase inhibitors.122,124,125 On the other hand, phenolic
compounds induced by UV-A radiation may modulate the
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responses to UV-B radiation via complex interactions between
the UV-B photoreceptor, UVR8126,127 and UV-A/blue light signalling pathways.128 The functional relationships between
UV-B radiation and the resistance of plants to pests (involving
salicylic acid (SA) and jasmonic acid (JA) pathways) are not yet
well characterised (for a review, see Ballaré et al.114), although
there is increasing evidence that some of the eﬀects of UV-B
radiation on the resistance of plants to herbivory are mediated
by increased JA signalling.122,123 In addition, UV-B radiation
can aﬀect plant defense against herbivores and pathogens via
mechanisms that are not mediated by JA. For example, UV-B
radiation, acting through UVR8, increases resistance of certain
plants to the necrotrophic fungus Botrytis cinerea, and this
eﬀect is conserved in JA-insensitive genotypes.120

Protection and acclimation
Apart from plant defense mechanisms that protect against
pests and disease, other UV-acclimative processes involving
the accumulation of UV-absorbing compounds result in
changes in plant optical properties ( primarily epidermal transmittance, see Ballaré et al.1 and references therein). This acclimative response varies according to a wide range of prevailing
conditions, including geographical and temporal, as well as
with plant morphology (e.g. Ruhland et al.129) and increases
understanding of the capacity of plants to respond to changing
levels of UV radiation. Examples of dynamic acclimation
include that of mature shade leaves of Populus tremuloides and
Vicia faba where epidermal transmittance of UV radiation
decreases when plants are transferred to sunny environments.
Sun leaves, on the other hand, do not immediately respond by
decreasing UV-absorbing pigments upon transfer to shady
environments.130 This ability to increase but not decrease
transmittance of UV radiation rapidly may be associated with
the location of the UV-absorbing compounds. Compounds
bound to cell walls are less likely to be re-mobilised than those
inside the cell.131,132
Plants may also rapidly adjust their mechanism of UV-protection in response to daily changes in UV irradiances. Protection against UV radiation increases from dawn to midday and
then decreases towards sunset.133 How plants achieve these
rapid changes and what the significance is for function
beyond protection from UV radiation is not yet known.
Increased allocation of carbon to UV-absorbing compounds
may divert carbon from growth and photosynthetic functions,134 such that reducing UV protection during times of the
day when levels of UV radiation are low could enhance the
daily gain of carbon. In comparison to plants that maintain
high UV protection throughout the day, plants that exhibit
diurnal changes in epidermal UV transmittance experience
increased UV radiation exposure to the underlying mesophyll
both early and late in the day, but not at midday. It is possible
that increased penetration of UV radiation at these times may
protect leaves from photoinhibition that can occur at midday.8
Since UV-A radiation can also drive photosynthesis,135 the
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increased penetration of UV-A radiation may enhance photosynthesis at times of the day when leaves are light-limited.
Added to this, several of the compounds induced by UV radiation (e.g. quercetin, kaempferol) inhibit the plant growth
regulator, auxin, and its transport within the plant.136 Thus,
maintaining high concentrations of flavonoids could interfere
with plant growth during night-time periods. Although the
processes of acclimation of plants to UV radiation are complex,
it is now clear that UV-absorbing acclimation involving UVabsorbers is much more flexible and dynamic than previously
thought and has implications for the evaluation of plant hardiness under diﬀerent environmental conditions.

Revisiting the potential for
reconstructing past variations in
stratospheric ozone and UV-B
radiation
The relationships between ozone and climate change are
complex59 and further investigation of the past nature of these
relationships will lead to a better understanding of the physical interactions among solar activity, ozone and climate as well
as more clarity on how ecosystems respond to changing UV-B
radiation.137 The near ubiquitous response of plants to
produce chemically stable UV-absorbing compounds, and thus
achieve protection from UV-B radiation, means that plant
tissues preserved in herbaria and in sedimentary and ice-core
archives can be used to reconstruct past variations ( prior to
the instrumental period) in stratospheric ozone and UV-B
radiation.138–140 In particular, UV-absorbing compounds
bound to cell walls of plant tissues are extremely stable69 and
may even persist in fossils.138,139 In addition to tracking past
UV-B radiation, plant material is increasingly being assessed
for its usefulness as a biological proxy for historical availability
of water,141 temperature, and concentration of CO2 in the
atmosphere (reviewed in Jordan142). Spores and pollen are
common in the fossil record, and thus this type of proxy
enables reconstruction of past UV-B radiation for providing
spatial and temporal fidelity.140
UV-absorbing compounds (e.g. p-coumaric acid) in cell
walls vary with latitude (and estimated exposure to UV-B radiation) in both spores of club mosses and in pine pollen.
Greater variation is observed in samples collected from polar
regions, where UV-B radiation has varied in recent decades
due to ozone depletion, than in those collected from the
tropics, where UV radiation levels have remained relatively
stable.138,143 Similarly, UV-absorbing compounds in these
same tissues show good temporal correlations with independent instrumental records and model results, allowing reconstruction of ozone concentration and flux of UV-B radiation
over decades138 to millennia.143 However, further validation of
proxies using UV-absorbing compounds requires development
of UV radiation dose–response curves, as well as confirmation
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of the long-term chemical stability of the UV-absorbing compounds within paleobiological samples.139
Methodological advances, especially in microspectroscopy,138,140,143 allow analysis of very small samples (e.g.
50 grains of pine pollen). Such micro-scale analysis would also
permit UV-absorbing compounds to be tracked down the
length of shoots of slow growing individual plants such as
polar mosses.69,141 Proxies that provide concurrent information on past climate and UV-B radiation, over centuries to
millennia, would be especially valuable for greater understanding of past polar environments.

Implications of exposure to UV
radiation and climate interactions for
food production and food quality
Given the way in which solar UV radiation, stratospheric
ozone, and climate variables have multiple and often interdependent eﬀects on terrestrial and agricultural systems, it is
logical that these eﬀects will modify the development, production and crop quality of agricultural crops.9,144–146
However, there are currently few studies focusing on the interplay of climatic variables on crop quality.9,146 In contrast,
many studies have reported both negative and positive eﬀects
of UV radiation and other climate variables on crop production. The type of response in the crop is largely dependent
upon species and cultivar, geographical location, genetic
diﬀerences, and the co-occurring environmental conditions
(cf. ref. 1, 9, 147). Where UV-B radiation has had a negative
eﬀect on crop production, this has been manifested mainly as
small decreases in biomass, and reduced leaf area (Ballaré
et al.1 and references therein). As noted in previous sections,
there are also indirect eﬀects of UV-B radiation on plant
growth such as decreased herbivory, due to increased secondary metabolites such as phenols, which is a positive plant
eﬀect.24,93,148
Many investigations have documented changes in biochemical and regulatory pathways in plants under ambient
and enhanced UV-B radiation, although few studies have explicitly related these to follow-on eﬀects on the quality of food
crops.9,146 The UV-stimulated biochemical changes also contribute to diﬀerences in taste and aroma in, e.g., herbs such as
mints.149 Several field studies have shown that ambient UV-B
radiation increases concentrations of chemicals, e.g. flavonols,
esters and fatty acids, which can enhance the aroma and
flavour of wine.150–152 Terpene emission from grapes also
increases with enhanced UV-B radiation and may be another
modifier of quality.153
In general, a number of stress factors, including UV radiation, tend to increase the concentrations of proteins and antioxidants and reduce those of starch and lipids.144,154 While
these biochemical changes often reflect the acclimative
response of plants to enhanced levels of UV radiation and
other environmental stresses, they may have either positive or
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negative consequences for the quality of crops in terms of
nutrition and commercial use for specific products.
The degree to which plants can modulate acclimative
response to often rapid changes in UV radiation is also of
interest for agricultural and horticulture practices. A lag in this
response has implications for UV susceptibility of crops that
are propagated in low UV radiation environments (e.g. greenhouses) and are then subsequently transplanted to the field.
This is illustrated by growth chamber studies with lettuce
(Lactuca sativa), where new developing leaves require at least
6–8 days to fully acclimate to UV-B radiation and high visible
light
(PAR,
photosynthetically
active
radiation,
400–700 nm).8,155
In terms of the beneficial eﬀects of UV radiation on food
crops, increased exposure to UV radiation through, for
example, land-use changes and climate change, as well as
manipulations of controlled growth conditions can be exploited
to enhance food quality and nutritional value through induced
changes in the secondary metabolism of plants.

Visual sensitivity to and damage from
UV radiation in terrestrial animals
The range of wavelengths an animal perceives depends on the
spectrum available in the environment, the degree to which
this is transmitted through the ocular media and the visual
pigments found in the retina. Visible light represents the spectrum perceived by humans but other animals often see a
diﬀerent range of “colours” due to visual pigments absorbing
elsewhere in the spectrum. UV-vision is used extensively by a
wide range of invertebrates and vertebrates for critical life processes including mate selection and location of food resources
in birds, fish, insects, spiders, and other taxa. Some invertebrates are specifically able to detect and respond to UV-B radiation under natural conditions.118 The recent discovery that
UV-vision (>300 nm) in mammals may be more widespread
than previously recognised, suggests the need for more
research into the ecological significance of this finding
(Douglas and Jeﬀery,156 and references therein).
As with humans, animals can develop UV-related diseases,
although research on these topics tends to be concentrated on
economically important animals such as cattle. The occurrence of ocular squamous cell carcinoma (OSCC) or “cancer
eye” has been reported in cattle worldwide, with 10–20% of
animals in some Australian herds diagnosed with this disease.
OSCC is the most common malignant tumour aﬀecting cattle
in North America and is responsible for significant economic
losses (estimated at $20 million per annum in the United States
alone; reviewed in Tsujita and Plummer157). In 2002, OSCC was
the third-leading cause of carcass condemnation at slaughterhouses inspected by the US Department of Agriculture. European breeds of cattle, particularly those with light coloured skin
such as Herefords and white-faced Holstein breeds, commonly
develop OSCC, particularly when they are raised in regions with
high natural levels of UV-B radiation (e.g. Australia, and the
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southwestern USA); see also Ballaré et al.1 While a proportion of
the disease might be related to increasing UV radiation in areas
aﬀected by ozone depletion, the bulk appears to be caused by
agricultural practices (e.g. lack of shade) and the movement of
animals traditionally bred in low UV-B radiation environments
to latitudes with higher UV-B radiation.

Progress in technical and experimental
issues
Methodological issues in UV radiation supplementation
studies, where filtered fluorescent UV lamps do not have a
spectral output that perfectly matches the solar spectrum, were
discussed previously.1 Briefly, Biological Spectral Weighting
Functions (BSWF), dimensionless factors that represent the
relative eﬀectiveness of the diﬀerent wavelengths of UV radiation in influencing a particular biological response, are used
to calculate “biologically eﬀective” UV radiation.59 This has
been the only way to compare artificial UV radiation levels in
experiments with solar UV radiation.
A new filter, termed the urate anion liquid filter, has been
developed that permits fluorescent UV lamps to approximate sunlight much more closely.158 This new filter removes more of the
shortwave UV-B radiation (λ ≤ 305 nm) than traditional cellulose
diacetate filters and transmits more longwave UV-B (λ ≥ 310 nm).
While this filter was developed for laboratory use in algal studies,
there is potential for it to be adapted to other systems.
Accurate measurement of UV radiation is an essential
aspect of experimental work on the eﬀects of UV radiation.59
Ideally these measurements are done with a spectroradiometer, where radiation is quantified at discrete wavelengths.
Usually, double-grating spectroradiometers are used for these
measurements, where two gratings are linked in tandem to
refine the signal sent to the detector. This double-grating
system reduces “stray light” in the instrument. For example, a
small amount of stray visible radiation could swamp radiation
of a UV-B wavelength being measured. An instrumentation
innovation that is rapidly supplementing the mechanical
double-grating spectroradiometer is the diode-array spectroradiometer. This instrument has no moving parts and can
produce a spectral irradiance measurement almost instantaneously. In contrast, typical mechanical double-grating units
require several minutes to complete a scan, during which
irradiation conditions can change.
Since diode-array spectroradiometers are much less costly
than double-grating units, they may often replace broadband
UV detectors in experimental studies. These spectral irradiance
data will be much more valuable than the broadband measurements. The unit’s small size and portability is also an asset.
However, they have limitations that users need to take into
account. Stray light is a considerable issue as these are basically
single-grating spectroradiometers. Some features of the instrument can help minimise this problem, but measurements in
full sunlight may still not be accurate. These issues are discussed at length by Aphalo et al.159 and references therein.
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Sensitivity of instruments to temperature is also an
issue, especially when conducting measurements in the
field. A 15% change in the sensitivity of a double-grating
spectroradiometer over the range of 11.5 to 33.5 °C can
occur.160 Temperature also aﬀects diode-array units as wavelength accuracy, dark current oﬀset, and spectral responsivity
are all influenced by temperature.161 It is possible in some
cases to develop correction algorithms for particular units (e.g.
Baczynska et al.160), although one must consider whether
diﬀerential heating of the unit in direct intense sunlight can
be adequately simulated in a test chamber. Ideally spectroradiometers used in measuring sunlight should be temperature
stabilised.
Some ecological studies require measurements of time-integrated biologically eﬀective UV radiation in environments
where there is considerable spatial variability in UV irradiance
(e.g. within plant canopies, soil surfaces under plant canopies
and others). These applications require deployment of a
number of inexpensive devices to measure the UV radiation.
UV-absorbing polymers that were originally developed as
human UV dosimeters59,162 have been used to characterise the
UV radiation environment of individual leaves in canopies,163
as well as to quantify fine-scale diﬀerences in exposure of
plants to UV radiation in heterogeneous habitats.164 While
these devices are no substitute for spectroradiometers, they
can provide useful and inexpensive estimates of exposure to
UV radiation for certain applications.165 Current polymers
have wavelength sensitivities similar to common plant biological weighting functions166,167 and have been developed with
the inclusion of neutral density filters allowing estimates of
exposure to UV radiation over periods of days to weeks.168 Provided these dosimeters are calibrated against spectroradiometers at the field locations where they are to be deployed,
they may have particular utility for decomposition studies and
in areas under the ozone ‘hole’ where long-term continuous
measurement of the incident UV radiation on standing and
ground level plant litter is needed.
Increased attention needs to be given to developing techniques and approaches that allow for the determination of realistic exposures to UV radiation of individual plants, natural
ecosystems, and agricultural environments. The spectral sensitivities and exposures to UV radiation are needed in models that
evaluate the combined eﬀects of changes in UV radiation,
climate, and vegetation on terrestrial ecosystems. The numerous
technical issues involved in conducting experiments with UV
radiation can, however, be intimidating to researchers starting
work in this field. A comprehensive guide to all aspects of
experimental design, implementation, analysis and instrumentation by Aphalo et al.159 will help standardize protocols and
ensure reliable results that can be meaningfully assessed.

Gaps in knowledge
Since the last assessment,1 evidence of the coupling of ozone
depletion eﬀects and those of climate change2 has been
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strengthened, and has revealed the complexity of the interactions that are occurring. The success of the Montreal Protocol has been two-fold, viz., the phasing out of ozone depleting
substances (ODS) and the contribution to decreasing some of
the load of greenhouse gases, since many of the phased out
ODS are themselves greenhouse gases. It should also be recognised that exposure to changing levels of UV radiation is not
only ozone-dependent, but also reflects changes in land-use
and climate-related phenomena, such as projected changes in
rainfall, decreased or increased cloud cover in some regions,
and snow and ice melting. These events are likely to aﬀect ecosystem functioning and food production, all of which calls for
a holistic approach to research that encompasses the role of
UV radiation within a rapidly changing environment. From the
research to date, evidence is accumulating that these interlinking factors of UV radiation, changes in ozone, climate, and
environment are modifying responses of plants and ecosystems. Further evaluation of where the potential tipping points
or beneficial eﬀects are occurring will increase our understanding and ability to project potential future eﬀects from the
interactions between exposure to UV radiation and other
simultaneously occurring environmental stresses. Currently,
our knowledge of the consequences for the biosphere is far
from comprehensive. What has become clear is that an integrative research approach under realistic conditions is essential for future projections of the response of ecosystems. For
many of the processes discussed in this present paper, more
empirical evidence is needed to determine the ecological significance of the role played by UV-B radiation in the presence
of other environmental stresses.
Apart from the focus on UV radiation over more than 25
years of the Montreal Protocol, ozone depletion has been
implicated in changes to the climate of the Southern Hemisphere, highlighting the need to assess the impact of such
changes on the ecosystems of this region.7 One of the key
uncertainties here is the extent to which climate is aﬀected by
ozone depletion versus greenhouse gas forcing and particularly
the seasonality of these eﬀects. Resolving this will improve
understanding of how ozone recovery will feed back on these
climate processes and is vital to our ability to model future
ecosystems across half of the globe.
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