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INTRODUCTION

We are living in a time in which changes in the
global environment are occurring at a rate unsur-
passed in geological history. These changes will see
atmospheric CO2 rise to ~1000 ppm by the end of this
century (Meehl et al. 2007). This will lead to an aver-
age increase in global temperature of ~4°C (Pachauri
& Reisinger 2007) and result in more CO2 being dis-
solved in the oceans, making them more acidic and

altering seawater carbonate chemistry (Feely et al.
2009). Furthermore, modelling suggests that, given
the right balance between wind stress and surface
heating, higher temperatures will lead to more in -
tense stratification, which will reduce the upward
transport of nutrients from deeper waters (Doney et
al. 2012). Models of such a scenario though are still
sensitive to a number of assumptions, though some
data support the predictions (Goffart et al. 2002). The
anthropogenic release of chlorofluorocarbons and
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ABSTRACT: Understanding the effects of global climate change on the algae that form the basis of
most aquatic food chains is of paramount importance in our ability to make informed decisions about
the future of production systems, marine ecosystems, and the global carbon cycle. Despite the
 Montreal Protocol to restrict the release of harmful chlorofluorocarbons into the atmosphere, ozone
levels have not recovered at all latitudes, and in some regions levels of UVB are still rising due to
interactions with phenomena related to climate change. However, the effects of UV radiation may
be modulated by other environmental changes. In this review, we discuss how factors such as ele-
vated CO2 and ocean acidification, increasing temperature, and reduced nutrient supply associated
with enhanced stratification can interact with UV radiation to affect algal physiological perform-
ance and growth. For instance, nutrient limitation enhances UV-induced inhibition due to the
reduced capacity of algae to screen out UVB and/or impairment of their capacity to repair damage.
Higher temperatures tend to promote repair more than photochemical damage so result in a net
reduction of UV inhibition. Elevated CO2 and ocean acidification has complex interactions with UV
radiation, with mixed net outcomes for algal productivity. Differential effects of UVA and UVB have
been shown to depend on their irradiance levels; while moderate levels of UVA stimulate growth
and photosynthesis of some algae, UVB almost always results in harm to marine primary producers.
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other active compounds into the atmosphere causes
the breakdown of ozone in the stratosphere and this
leads to a rise in the fluxes of UVB transmitted to
Earth’s surface. This is most marked at (but is not
exclusive to) high latitudes (Hegglin & Shepherd
2009). Increased global warming, which leads to
enhanced cooling in the stratosphere, also has impli-
cations for ozone depletion and the consequent
increases in UVB incident on the  surface of the
oceans, though new models take into account a wide
range of forcings (Watanabe et al. 2011). The ozone
layer is expected to show a gradual recovery in years
to come (McKenzie et al. 2011), though this is com-
plex and depends, inter alia, on  latitude and green-
house gas emissions (Williamson et al. 2014).

UVR has a range of inhibitory ef fects on the physi-
ological activities of algae. These include inhibition
of nutrient uptake, damage to DNA, and damage
to light transduction and carbon assimilation mecha-
nisms. UVR is also known to affect morphogenesis of
photosynthetic organisms and different wavelength
ranges (UVA and UVB) can have different effects.
Thus, UVB has been shown to break the spiral
 filaments of Arthrospira platensis and compress or
tighten its helix (Wu et al. 2005, Gao et al. 2008),
while in the red alga Porphyra haitanensis, UVA
enhanced the formation of sporelings with cells
dividing transversely, whereas UVB delayed the
 formation of such sporelings (Jiang et al. 2007).
UVB also has impacts on aspects of
the reproductive bio logy of macro-
algae (Wiencke et al. 2000). While
the effects of UVB are nearly
always detri mental, there are
reports of positive effects of UVB
on recovery from photo inhibition
and stimulation of photoprotection
mechanisms (Pérez-Rodríguez et
al. 1998, 2001, Flores-Moya et al.
1999, Figueroa et al. 2002, Hanelt
et al. 2006, Hanelt & Roleda 2009).
Viñegla et al. (2006) reported
enhancement of carbonic anhy-
drase and nitrate reductase activi-
ties of the macroalgae Fucus spi-
ralis and Ulva  olivascens under
UVR exposure. Such positive and
negative effects are well docu-
mented and the reader is referred
to the excellent reviews by Vin-
cent & Neale (2000), Buma et al.
(2003), Häder & Sinha (2005) and
Häder et al. (2007).

UVB-induced damage can be reduced by intra -
cellular compounds such as mycosporine-like amino
acids (MAAs), which screen out UVB and UVA (Car-
reto & Carignan 2011), or by the activity of a range
of defence mechanisms, involving enzymes, such as
ascorbate oxidase and superoxide dismutase, involved
in scavenging reactive oxygen species (ROS). Algae
are also capable of repairing any damage incurred,
though this comes at a metabolic cost. Acclimation to
solar UVR can also occur and the reader is directed to
the reviews of Figueroa & Gómez (2001) and Bischof
et al. (2006) for details.

UVB does not affect algal performance in isolation,
but interacts with a host of other environmental fac-
tors that govern the overall impacts of global change.
It is becoming apparent that a full understanding of
the impacts of global change on oceanic biota will
only come with an appreciation of the complex inter-
actions between environmental parameters (Boyd
& Hutchins 2012). Some of these interactions are
summarized in Fig. 1.

A future ocean, for example, will see algae exposed
to higher levels of CO2 and ocean acidification, and
warmer surface waters, which, in open oceans at
least, are predicted to lead to lower nutrient avail-
ability due to shoaling of the upper mixed layer
(UML) (Doney et al. 2012). For phytoplankton,
changes in water column structure will mean that
these organisms will be exposed to higher average
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fluxes of photosynthetically active radiation (PAR)
and UVR as they circulate in a shallower mixed layer,
and both phytoplankton and benthic algae will be
subjected to higher UVB doses associated with ozone
depletion. At higher latitudes, phytoplankton are
often light-limited; a reduced depth of the UML (and
reduced ice and snow cover) would allow phyto-
plankton cells to receive increased light exposures
closer to the surface, so their growth may become
stimulated. Climate warming and the resultant loss
of snow and ice cover is likely to have a dramatic
impact on UV penetration of polar seas (Vincent &
Belzile 2003)

As mentioned above, ocean warming associated
with global warming is predicted to lead to enhanced
stratification and consequent increased severity of
nutrient limitation in the UML of temperate and trop-
ical waters (Doney 2006). Decreased nutrient levels
in the open ocean will favour smaller-celled organ-
isms, which will impact on grazing rates as well as
on sinking rates into the deep ocean and the strength
of the biological CO2 pump (Finkel et al. 2010). Run-
ning counter to this is the tendency for elevated
CO2 to lead to increased production of transparent
exopolymers by phytoplankton (Engel 2002, Engel et
al. 2004). These will, inter alia, promote aggregation
and might then enhance sinking rates. Increased par-
tial pressure of CO2 (pCO2) and consequent ocean
acidification (OA) also influence factors such as cal -
cification (though this is contentious in some cases
(Riebesell et al. 2000, Orr et al. 2005, Langer et al.
2006, Iglesias-Rodriguez et al. 2008)) and cell size.
OA is likely to influence the ‘rain ratio’ (the ratio of
CaCO3 to organic carbon in the continuous ‘rain’ of
biogenic particles that sink down from the ocean’s
surface) (Beaufort et al. 2011, Hutchins 2011). OA is
also known to affect elemental ratios (Finkel et al.
2010, Riebesell & Tortell 2011).

What then are the consequences of these changes,
especially in regards to the interactions between
UVB and other environmental factors? In terms of
both PAR and UVR, for phytoplankton, there are
implications for cell size and the size structure of
communities. As discussed by Finkel et al. (2010),
changes in the light environment resulting from cli-
mate change-induced stratification are likely to have
important consequences for the susceptibility of
 different-sized phytoplankton to UVR- and PAR-
induced damage. Cell size-related differences in the
susceptibility to photodamage, and in rates of repair,
have been reported from both field samples and
 laboratory cultures (Karentz et al. 1991, Laurion
&Vincent 1998, Key et al. 2010) and shifts in the light

regime associated with climate warming will alter
phytoplankton community size structure (MacIntyre
et al. 2000, Beardall & Raven, 2004, Six et al. 2007).
Thus small cells would be favoured under  light-
limiting environments, but large cells are advan-
taged under high PAR (Key et al. 2010) and high UVR
conditions (Raven 1991). Small cells are more sus -
ceptible targets for photoinhibitory (PAR and UVR)
radiation and may be unable to accumulate enough
UV-absorbing compounds to shield the UV-sensitive
cellular components, such as D1 protein and Rubisco
(Raven 1991, Garcia-Pichel 1994). In situ photosyn-
thetic carbon fixation measurements show less UV-
induced inhibition in coastal than in pelagic waters,
reflecting differential responses of phytoplankton as -
semblages with a greater proportion of larger cells in
the former compared with the latter (Li et al. 2011).
Further discussion of the relationship between UVR
sensitivity and cell size may be found in Villafañe et
al. (2003) and Finkel et al. (2010).

However, lower nutrient levels favour smaller-celled
organisms, such as the picoplanktonic cyanobac te -
rium Prochlorococcus or, among the eukaryotes, pico -
phytoplankton such as Micromonas and Ostreococcus
and nanophytoplankton including coccolitho phorids
such as Emiliania huxleyi. W. K. W. Li et al. (2009)
have recently reported shifts towards smaller phyto-
plankton taxa in Arctic surface waters associated, in-
ter alia, with decreased nitrate levels. Nutrient supply
and concentration in the UMLs of the oceans are fre-
quently significant drivers of variation in the size
structure and taxonomic composition of phytoplank-
ton communities (Eppley & Peterson 1979, Chisholm
1992, Coale et al. 1996, Finkel et al. 2010). A shift to-
wards smaller phytoplankton species increases pho-
tosynthetic light use efficiency (Taguchi 1976), de-
creases productivity, and leads to changes in the size
structure of pelagic and benthic food webs and the
magnitude of carbon export to the deep ocean
(Pomeroy 1974, Smith et al. 1997, Finkel 2007, Finkel
et al. 2010). A full discussion of the inter actions be-
tween the cell size of phytoplankton and environ-
mental factors can be found in Finkel et al. (2010).

Thus, surface waters in a future ocean will see a
greater proportion of smaller phytoplankton with less
UVB screening capacity. These cells will be sub-
jected to increased nutrient stress and, with shal-
lower mixed layers, higher integrative exposures to
PAR as well as UVA and UVB irradiances, which
could influence the cells periodically, acutely, or
 persistently, depending on hydrological dynamics
in different oceanic environments. Exposure to UVR
and PAR will also depend on the bio-optical proper-
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ties of the water column, though these can be com-
plex and quite varied between sites. For example,
decreased turbidity of seawater in regions of the
Bay of Biscay led to increased UV penetration with
impacts on the physiological performance of the
red alga Gelidium corneum (Quintano et al. 2013).
Phytoplankton in waters with faster mixing rates
exhibit different responses to UVA and UVB irradi-
ances compared with those in less mixed or static
conditions (Helbling et al. 2003, Jin et al. 2013, Li et
al. 2013). Faster mixing or fluctuation of solar radia-
tion led to less UV-induced inhibition of photosyn-
thetic carbon fixation (Helbling et al. 2003), and a
shallower mixing depth led to higher UVA and UVB
inhibition of photosynthetic carbon fixation (Li et
al. 2013) of phytoplankton assemblages of coastal
waters. Furthermore, the coccolithophorid Gephyro-
capsa oceanica showed much lower  non-photochemical
quenching under fluctuating light regimes (mimick-
ing rapid mixing) than under static constant light
 levels (Jin et al. 2013).

In near-shore coastal waters, however, models
suggest greater storm activity with increased water
turbulence and runoff, leading to enhanced nutrient
loads (Bakun 1990, Rabalais et al. 2002). This in turn
may lead to dominance by larger phytoplankton
 species with a better ability to screen UVB. Thus,
improved nutrient status and greater mean cell size
could lead to less UVB sensitivity in coastal popula-
tions. Differential responses to solar UVA and UVB
in coastal waters were observed in photosynthetic
 carbon fixation by phytoplankton assemblages, with
UVB inhibiting all the size fractions and moderate
levels of UVA stimulating photo synthesis in cells
with diameters >5 μm (Li & Gao 2013). A study by
W. K. W. Li et al. (2009) showed that phytoplankton
community structure shifted from micro-dominated
to nano- and pico-dominated due to a typhoon
event, and back to a micro-dominated again 2 wk
after the event. UVR did bring about much higher
photosynthetic inhibition in post-typhoon than in
pre-typhoon phytoplankton assemblages in the
South China Sea coastal water (G. Li et al. 2009).
Additionally, these studies provide  evidence that
larger algal cells in coastal waters possess a better
capability to tolerate UVB irradiance, and these
larger cells with high levels of MAAs may even
benefit from moderate levels of longer wavelength
UVA, since some species can utilize UVA for photo-
synthetic carbon fixation (Gao et al. 2007, G. Li et
al. 2009, 2011, Li & Gao 2013) though MAAs them-
selves are not able to act as accessory pigments
(Inoue et al. 2002).

NUTRIENT−UVB INTERACTIONS

The effects of UVR on cellular processes may be
exacerbated by the combined effect of nutrient limi-
tation on the UVB sensitivity of algae. UVB causes
damage to a range of components and processes of
cell metabolism, including nucleic acids and Rubisco,
with D1and D2 proteins of the Photosystem II (PSII)
reaction centre being particularly sensitive (Karentz
et al. 1991, Vincent & Roy 1993, Gieskes & Buma
1997, Buma et al. 2001a,b).

The net effect of UVR on photosynthesis (P) can be
explained by a number of models (Lesser et al. 1994,
Neale 2000). The simplest of these is the Kok model
in which the net impact is a balance between dam-
age (k), which is a function of the number of remain-
ing targets, and repair (r):

(1)

When damage exceeds repair capacity, photosyn-
thesis declines exponentially with increased time of
exposure. Factors influencing damage and/or repair
could therefore interact with UV-induced effects on
the physiological performance of algae (Lesser et al.
1994, Heraud & Beardall 2000, Gao et al. 2008).

Nitrogen (N) limitation could potentially limit the
ability of algae to synthesise UV-screening com-
pounds and/or enzymes involved in scavenging of
ROS (Beardall et al. 2009a). For example, Figueroa &
Korbee (2010) reported increases in MAAs of 33 to
204% in a range of red algae grown under high N
compared with low N conditions. Zheng & Gao
(2009) also showed increased contents of MAAs in a
red alga with enriched nitrate levels, leading to less-
ened UV inhibition of its photosynthesis. Decreased
contents of MAAs under N limitation have also been
reported for dinoflagellates with increased  UV-
related inhibition (Litchman et al. 2002). In the
macro alga Gracilaria lemaneiformis, MAAs increased
under solar radiation with UVR and decreased under
low indoor light without UVR, regardless of the
 nutrient levels, while inhibition of both growth and
photosynthesis decreased with increased contents of
MAAs (Zheng & Gao 2009). In the same red alga,
while UVB and phosphorus (P) limitation acted syn-
ergistically to reduce growth and photosynthetic
 pigments, P limitation did not affect the content of
MAAs (Xu & Gao 2009).

Under N limitation then, there are 3 scenarios for
the potential interactions with UVB: (1) synthesis of
UVB screening compounds such as MAAs or of
enzymes responsible for photoprotective antioxidant
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scavenging of ROS could be decreased as a conse-
quence of reduced availability of N, so cells are more
prone to damage (k in Eq. 1 increases); or (2) the
capacity of cells for repair of damage is diminished as
the N supply for repair of affected proteins is dimin-
ished (r in Eq. 1 decreases); or (3) a combination of
scenarios 1 and 2 (k in Eq. 1 increases and
r decreases) (Beardall et al. 2009a).

Data in support of these scenarios is limited mainly
to experiments with microalgae. While algae ex peri -
ence high damage under high levels of solar radia-
tion, acclimation to UVR could increase their toler-
ance, due to increased repair capacity or im proved
UV screening leading to decreased damage. Al -
though Behrenfeld et al. (1994), working on the dia -
tom Phaeodactylum tricornutum, found no measura-
ble impact of UVB on growth rates and biomass
accumulation rates under N limitation, cells were only
exposed to UVB when cultures were well into the
stationary phase and metabolic processes such as re -
pair might be expected to already be at a minimum.

Lesser et al. (1994) demonstrated that N-limited
phytoplankton were more susceptible to UVR than
their nutrient-replete counterparts and suggested
that the increase in UVB sensitivity was a conse-
quence of impaired ability to carry out repair under
nutrient limitation (scenario 2 above). This was
shown in additional experiments using streptomycin,
an inhibitor of chloroplast protein synthesis; treat-
ment during exposure to UVB resulted in an increase
in photoinhibition as the repair function was elimi-
nated. Experiments reported by Litchman et al.
(2002) showed lower rates of damage (r in Eq. 1)
together with lower levels of MAAs (leading to
higher k in Eq. 1) in N-limited dinoflagellates, which
is consistent with scenario 3 above. However, the
above experiments were mostly based on short-term
exposure to UVR. Under chronic exposure combined
with nutrient (N) limitation, decreased growth rates
were not explained by photoinhibition, but appeared
to be related to effects on cell division, leading to an
increase in cell size (Veen et al. 1997, Buma et al.
2000). N limitation in Dunaliella tertiolecta has been
demonstrated to lead not only to an increase in dam-
age (as expected from scenario 1) when cells were
exposed to an acute dose of UVB, but also to a stimu-
lation of repair capacity (Shelly et al. 2002). This
stimulation of repair though was not sufficient to
overcome the inhibition of PSII function by acute
UVB exposure, which was still greater in N-limited
cultures (Shelly et al. 2002). When grown under
chronic UVB exposure, however, D. tertiolecta cul-
tures, although still showing stimulation of repair

compared with unexposed cells, underwent a 5-fold
decline in the repair constant when they were N
starved for 2 d (Shelly 2005). N starvation thus
elicited a different response to UVB than N limitation
under balanced growth, as was achieved in the
chemostats used by Shelly et al. (2002).

In Heterocapsa sp., there appear to be 2 modes of
 photoprotection depending on the N supply. When N
is replete photoprotection involves MAAs, but under
N limitation, the xanthophyll cycle becomes more
active (Korbee et al. 2010).

In contrast to the studies on microalgae, there are
very few data on the interactions of N limitation with
UVR in macroalgae. In the studies of Zheng & Gao
(2009) reported above, the higher MAA concen -
trations in Gracilaria lemaneiformis under nitrate
enrichment significantly decreased the UV-induced
inhibition of growth and photosynthesis. In the same
organism, UVB significantly reduced the net photo-
synthetic rate, but this was alleviated by enrichment
with ammonia (which also stimulated the accumula-
tion of UV-absorbing compounds) (Z. Xu & Gao 2012)
Similar data are reported for Porphyra by Korbee
et al. (2005) and Barufi et al. (2011). These data and
other works cited by Figueroa & Korbee (2010) imply
that low N availability enhances the UVR sensitivity
of photosynthesis and growth of macroalgae, per-
haps by decreasing the capacity to minimise damage
through MAA synthesis.

The interactions between P levels and UVR effects
in natural communities have mainly been investi-
gated in freshwater systems (Harrison & Smith 2009).
Given the major impacts of P limitation on a range of
physiological and biochemical processes in algae, it
is not surprising that these interact with UVR. How-
ever, a priori, it might be expected that P limitation
and the availability of PAR can influence UVB sen -
sitivity by impairing the ability of cells to produce
the energy necessary to carry out repair processes
(r decreases; equivalent to scenario 2 for N limitation
above).

Aubriot et al. (2004) suggested that the P status of
phytoplankton cells from a coastal lagoon modulated
their UVR sensitivity. Inhibition of phosphate uptake
by UVR was increased under more P-limited condi-
tions. This was postulated to be due to the impact of
UVR on the availability of energy for P uptake, as
was shown to be the case for freshwater phytoplank-
ton in Lake Erie (Allen & Smith 2002). In the red alga
Gracilaria lemaneiformis, UV-induced inhibition of
photosynthesis and growth was exacerbated under
P-limited conditions, but the presence of UVR en -
hanced the activity of total carbonic anhydrase in
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the thalli and raised the photosynthetic affinity for
exogenous inorganic carbon (Xu & Gao 2009). In
contrast, Carrillo et al. (2008) and Korbee et al. (2012)
reported that addition of P to a high mountain lake
resulted in enhanced UVR impacts.

The main effect on algal cells of P limitation when
interacting with UVB exposure is via energy genera-
tion processes. UVB affects PSII electron transport,
which in turn causes ATP production to drop and
diminish the supply of energy to drive repair of UVB-
induced damage. This effect would be exacerbated
if the availability of P for ATP synthesis was limited
(Beardall et al. 2009a). Furthermore, the major re -
quirement for P in cells is for ribosomal RNA (Flynn
et al. 2010) and thus P limitation would also be likely
to reduce the capacity for transcription and transla-
tion, thereby impairing the enzymatic repair of UVR
damage.

Thus, in laboratory cultures of D. tertiolecta (Her-
aud et al. 2005), P starvation led to an increased rate
of decline in PSII quantum yield when cells were
exposed to UVB, which was paralleled by a decrease
in repair rates. Heraud et al. (2005) explained this
increased UVB sensitivity as a consequence of an in -
hibition of repair mechanisms (corresponding to sce-
nario 2 above). Growth limitation by P without UVB
exposure also decreased the repair rates, but the rate
at which repair rates decreased as P starvation pro-
ceeded was much greater under UVB exposure. This
is consistent with reduced ATP levels in P-starved
cultures, though this was not measured during the
study.

Other effects of UVB on P status and cellular physio -
logy can be less direct. Thus, Garde & Gustavson
(1999) showed that the effects of UVB on natural
phytoplankton under low P levels were exacer-
bated by the inhibitory action of UVB on alkaline-
phosphatase activity (produced by P-limited cells to
enhance the utilization of organic P). This means that
such organisms will be even more stressed under
P-limited conditions if UVB is present.

Interactive effects between P levels and UVR im -
pacts on algae might also be indirect, involving other
components of aquatic communities. For instance, in
freshwater systems, Xenopoulos & Bird (1997) have
shown that under P-limited conditions, bacteria
showed a higher susceptibility to UVR, which in turn
reduced competition between bacteria and phyto-
plankton for P and thereby increased the availability
of P to phytoplankton. UVR may also increase the
availability of P to phytoplankton by causing photo -
lysis of organic matter and release of P (Wetzel et al.
1995). UVB radiation alters the biological availability

of dissolved organic matter to microorganisms, and
accelerates its transformation into dissolved inor-
ganic carbon and nitrogen, including carbon dioxide
and ammonium (Piccini et al. 2009, Vähätalo et al.
2011, Mostofa et al. 2013). Such effects may also
impact on mixotrophic growth of algae; Laurion et al.
(1998) showed that in lake mesocosms, the mixotro-
phic nanoflagellate Ochromonas grew faster under
enhanced UVB, possibly as a result of increased
release of organic nutrients for osmotrophy or phago -
trophy following enhanced bacterial growth.

Despite the fact that large areas of the world’s
oceans are characterised by having limiting iron
(Fe) concentrations (e.g. see Behrenfeld et al. 1996),
almost nothing is known about the interactions of
UVR with Fe limitation, though UV-mediated photo -
lysis of Fe-containing molecules appeared to raise Fe
availability to phytoplankton (Barbeau et al. 2001a,b).
Fe ions would become more available from binding
ligands produced through UV-mediated cell lysis
(Barbeau et al. 2001a,b), through the hydrogen per-
oxide produced due to the interactions between
organic matter from cell lysis and UVR is toxic to
some phytoplankton species, and this could have
substantial effects on phytoplankton communities
(Leunert et al. 2014).

Van de Poll et al. (2005) reported that Fe-limited
cultures of the Antarctic marine diatom Chaetoceros
brevis were less sensitive to high levels of PAR and
UVR than Fe-replete cultures, this possibly being
associated with elevated levels of ROS scavengers,
such as superoxide dismutase and ascorbate peroxi-
dase, in Fe-limited cells (Van de Poll et al. 2009).
Clearly more work is required in this area.

A more detailed discussion of the interactions
between nutrient supply and UVB is provided by
Beardall et al. (2009a).

Thus, the sea-surface warming expected in the
future may indirectly, through its impact on nutrient
availability, increase UVB sensitivity and decrease
primary productivity of the oceans. However, other
components of global climate change may have more
direct impacts on UVB sensitivity.

TEMPERATURE−UVB INTERACTIONS

Changes in UVB irradiance are affected not only
by changes in the ozone layer, but also by other fac-
tors (clouds, air pollution, surface albedo) (McKenzie
et al. 2011). Global warming is known to reduce the
stratospheric temperature and therefore enhance the
depletion of ozone (Häder et al. 2011).
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It might also be expected that organisms in the 2
hemispheres of our planet would experience different
environments, due to the fact that the temperate re-
gions in the Northern Hemisphere have a higher ther-
mal amplitude (due to a larger land mass) compared
with the Southern Hemisphere, which is composed of
more oceanic water (Goncalves et al. 2010). The
Northern Hemisphere is thus expected to experience
a greater temperature and precipitation increase,
compared with the Southern Hemisphere, which, on
the other hand, is expected to be more affected by
stratospheric ozone dynamics (Goncalves et al. 2010).

Ocean warming is predicted to enhance the strati-
fication process or prolong periods of stratification
(especially during summer periods), leading to shoal-
ing of the UML. Therefore marine organisms within
the UML might be expected to experience higher
UVR fluxes and higher temperatures for a longer
period of time (or during different seasons) compared
with now) (Goncalves et al. 2010, Helbling et al.
2011). On the other hand, if the UML has a longer
residence time, that means that ex change between
the UML and deeper water is going to be reduced,
which, in turn, can affect nutrients and coloured dis-
solved organic matter concentration (Goncalves et al.
2010). Such multiple forcings can have combined
impacts on phytoplankton—more photodamage with
a stimulated repair processes would be expected;
however, the stimulation of re pair capability due to
increased temperature as well as to UVR exposure
should lag behind the damage. Such effects might be
particularly significant for the Southern Hemisphere
(which currently experiences a relatively lower aver-
age temperature than the Northern Hemisphere)
(Goncalves et al. 2010).

Field studies have revealed that the response of
phytoplankton to UVR changes seasonally (Piquet et
al. 2010) — phytoplankton are more resistant in sum-
mer even though UVR is highest at that time (Wu et
al. 2010a, Helbling et al. 2013). It is important to point
out that we could expect species-specific as well as
complex responses of organisms when it comes to
multifactorial experiments (Halac et al. 2010).

We might expect a priori, and with reference to the
Kok equation (Eq. 1), that temperature might exert
an effect on net UVB impacts by affecting enzyme-
driven repair mechanisms more than photochemical
damage. In the model diatom Phaeodactylum tri -
cornutum, increased temperature did increase the
repair rate of PSII either under ambient or elevated
CO2 levels in the presence of UVA or UVB (Y. Li et
al. 2012). The increased repair to damage ratios
inversely correlate with non-photochemical quench-

ing, regardless of the temperature levels. This is pos-
sibly related to temperature-independent damage
caused to PSII (Y. Li et al. 2012). Increased tem -
perature and exposure to UVR increased inhibition
of photochemical quantum yield in phytoplankton
assemblages from Patagonia in Argentina (Villafañe
et al. 2013); however, increased temperature in this
region helped to counter the magnitude of daytime
yield decrease during the phytoplankton bloom
onset (Helbling et al. 2013).

As mentioned previously, UVR can damage organ-
isms on various levels—it can impact on their pro-
teins, pigments, or DNA, which can in turn affect
their ability to take up nutrients, move, photosynthe-
size, or carry out transcription and replication of
DNA (Buma et al. 2003). This, in turn, can affect their
ability to grow and reproduce.

In photosynthetic organisms, 2 of the main tar -
gets for UVR are DNA and photosynthetic apparatus
(Buma et al. 2003). Damage to DNA is not irre-
versible, due to the ability of cells to perform repair
processes, if conditions are suitable. One of the path-
ways by which DNA is repaired is photoreactivation
via the enzyme photo lyase, which functions under
the UVA part of the spectrum (Buma et al. 2003).
Repair thus depends on UVA and PAR, so both dam-
age and repair process are light dependent, but the
latter might also be temperature dependent, as
 temperature might increase enzyme performance. In
addition, pre-exposure to moderate levels of UVB
can also aid in photochemical recovery in darkness
(Xu & Gao 2010 a,b,c). Another type of mechanism is
photoprotection, via the production of photoprotec-
tive pigments or en hancement of the xanthophyll
cycle. In this case, it is not temperature dependent,
but MAA production at least is dependent on nutri-
ent availability (Litchman et al. 2002), which means if
waters were to ex perience nutrient limitation, this
type of protection against UVR would not fare as well
as an enzymatic-based one.

Among aquatic organisms, temperature itself, but
interactive effects as well, are expected to have dif-
ferent effects, depending on the type of organism.
For example, the response of corals to both elevated
UVR and temperature are expected to differ from
those of phytoplankton and macroalgae because in
this group (corals) the temperature rises experienced
generally take organisms above their optimum and
thus represent an additional stress, while, on the
other hand, it is expected to be beneficial for the
other 2 groups in high latitudes (Hoffman et al. 2003).

However, this was only partially true for the 4
corals investigated by Ferrier-Pagès et al. (2007),
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who showed a strong interaction of UVR and tem -
perature in the photoinhibition of zooxanthellae
 photosynthetic apparatus in 3 of the 4 investigated
species under the short-term conditions (exposure to
high temperatures for 5 h only). Two clades A and 2
clades C of zooxanthellae were investigated at tem-
peratures ranging from 27 to 34°C under both UVA
and UVB radiation. At the highest temperature in -
vestigated (34°C), in conjunction with UVR, some
species showed up to 50% reduction in maximum
photochemical yield. However, when Ferrier-Pagès
et al. (2007) investigated long-term effects (exposure
of up to 17 d), the drop in maximum yield was
 evident after day 3 of exposure (with Montipora
aequituberculata being the most resistant species
with only 13% reduction, while the other 3 on aver-
age had a 24% reduction), but remained constant
until the end of the incubation period. This suggests
the presence of a protective mechanism that switches
on after 3 d, and keeps being active for a longer
period of time. This was indeed the case, as evident
from the production of MAAs in all investigated
corals (Ferrier-Pagès et al. 2007), with M. aequi -
tuber culata containing the highest concentration and
greater diversity of MAAs. What is evident from
this research is that the susceptibility of corals to
bleaching depends on previous exposure history and
their capacity to up-regulate defence mechanisms
(Ferrier-Pagès et al. 2007).

Previous exposure history was also important for
the response of Symbiodinium, whereby 4 different
Symbiodinium isolates (genotypes) responded dif -
ferently to acclimation to both temperature and
UVR, although acclimation was present in all isolates
(Rogers et al. 2010). Pre-acclimation lasted for 14 d
under temperatures ranging from 26 to 32 °C, with
acclimation to both low and high light, supplemented
with UVR, while growth rates were measured after a
further 14 d of incubation (Rogers et al. 2010). How-
ever, only pre-acclimation to different temperatures
and UVR induced the acclimatory response, while
acclimation to low or high PAR light had no effect.
Even though previous exposure to temperature and
UVR might reduce coral bleaching, it does not mean
that the upper thermal limit is going to be increased
as, in some cases, corals form symbiosis with only
one Symbiodinium genotype, so in the case of more
sensitive genotypes, these won’t be replaced with the
more tolerant one (Rogers et al. 2010).

Thermal stress affects not only zooxanthellae in
the coral community, but also the host, as shown
by Lesser & Farrell (2004). Studies similar to those
described above, involving pre-acclimation of organ-

isms to various stressors, were carried out with Mon-
tastraea faveolata under a range of temperatures
(29 to 32°C). There was an interactive effect between
UVR and elevated temperature on M. faveolata, ex -
pressed as an effect on photochemistry and carbon
fixation simultaneously and further expressed as
increased production of ROS. What is surprising is
that there was no accumulation of MAAs under any
of the conditions, which might be a consequence of
either breakdown of MAAs, or reduced photosynthe-
sis affecting the flow of carbon into the shikimate
pathway responsible for MAA production (Lesser &
Farrell 2004). In the case of M. faveolata and its sym-
biont, both experienced cellular damage during the
thermal stress that was intensified by UVR (Lesser &
Farrell 2004). Damage occurring in the zooxanthellae
was based on effects on photochemistry and carbon
fixation, while the host experienced DNA damage,
apoptosis or necrosis of the tissue (Lesser & Farrell
2004).

Elevated temperature is known to be beneficial for
cyanobacterial growth (Elliott 2010). The ability of
freshwater cyanobacteria to repair damage caused
by UVR under thermal stress has been shown to be
species-specific, in an experiment with 3 d acclima-
tion and subsequent 4 d exposure to 18 and 23°C
under natural UVR and PAR, obtained by different
filter combinations (Giordanino et al. 2011). In these
ex periments, Anabaena species and Nostoc sp. ben-
efited from elevated temperature, seen as higher
recovery rates, compared with Arthrospira platensis
and Microcystis sp, which showed no response to
elevated temperature. Increased recovery rates were
explained by increased metabolic rates, but it is pos-
sible that recovery was driven by enzymatic pro-
cesses, which are expected to benefit from higher
temperatures (Buma et al. 2003). Interestingly, in -
creases in temperature negated the effect of elevated
UVR on morphological changes in Anabaena sp. and
Nostoc sp. (Giordanino et al. 2011), while higher
 temperatures led to less DNA damage and a lower
percentage of spiral breakage in the economically
important cyanobacterium A. platensis (Gao et al.
2008). In contrast, in coastal marine phytoplankton
assemblages from the South China Sea, UV-induced
inhibition of photosynthetic carbon fixation was less
during summer than during winter periods in spite of
higher levels of incident UV irradiance and tempera-
ture (Wu et al. 2010a). It is most likely that elevated
temperature enhanced enzymatic synthesis or activ-
ity so that repair processes became stimulated.

When investigating the opposite effect, that of low
temperature, in freshwater systems in Antarctica,
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Roos &Vincent (1998) found that lower temperature
reduced the ability of a freshwater cyanobacterium
(Phormidium murrayi) to repair damage caused by
UVR. Phormidium sp. was grown at temperatures
ranging from 5 to 25°C under artificial UVR and PAR
over 5 d. Effects on photosynthetic properties showed
a time delay between t0 and 5 d later, implying that a
dose-dependent response is involved. Reduction in
temperature was marked by reduced growth rates
under elevated UVR, although growth rates under
moderate UVR conditions increased over time, im -
plying the ability of cells to gradually acclimate to the
UVR exposure, including by an observed increase
in ROS-quenching carotenoids. This is particularly
important because many environments, e.g. at high
latitudes or high elevation, that experience very low
temperatures also experience elevated UVR at the
same time, making them susceptible to any inter -
active effects between these factors. Even if future
climate change brings about an increase in average
temperature, as predicted, regions in the Southern
Hemisphere are not going to experience the same
level of temperature increase as Northern Hemi-
sphere regions (Goncalves et al. 2010).

A positive effect of elevated temperature when
interacting with UVR was evident in the diatom Tha-
lassiosira pseudonana, where growth rates increased
under elevated temperature, while chlorophyll per
cell and maximum photosynthesis (Pmax) did not, but
there was a high temperature dependence of primary
production in cells exposed to UVR (Sobrino & Neale
2007). This is consistent with elevated temperature
improving enzymatic activity involved in the repair
process (Buma et al. 2003, Sobrino & Neale 2007).
Sensitivity of T. pseudonana to UVR decreased under
elevated temperature, while the opposite effect was
evident at lower temperatures (15°C in this case).
This effect was mostly pronounced under short-term
conditions (pre-acclimated cultures at 20°C subse-
quently exposed to 15 or 25°C for 10 min prior to
 taking measurements), but persisted to some extent
under long-term conditions as well (1 wk at 15, 20,
and 25°C) (Sobrino & Neale 2007). Short- and long-
term experiments differed in changes to damage
and repair rates, where complex processes were
responsible for the long-term response, while under
short-term conditions changes in repair and damage
occurred at a similar rate (Sobrino & Neale 2007).

Effects of fast (short-term) changes in temperature
were investigated in another diatom, Phaeodacty-
lum tricornutum, which showed a similar response
where by a ‘greenhouse’ treatment of increased tem -
perature with high CO2 resulted in better photo -

synthetic performance and reduced sensitivity to
UVR compared with cells grown in ambient con -
ditions (Y. Li et al. 2012). This treatment, however,
included elevated CO2, in addition to elevated tem-
perature, whereby the high CO2 levels reduced the
inhibition of photosynthesis caused by UVR (Y. Li et
al. 2012).

Though one of the most common mechanisms
that phytoplankton use when dealing with increased
UVR is increased repair, it is only one of many strate-
gies. For instance, a diatom, Thalassiosira weissflogii,
was shown to increase its Rubisco activity and gene
expression as a consequence of an increase of 5°C
(from 20 to 25°C) over a period of 2 wk (Helbling
et al. 2011). This enables this particular species to
achieve a higher rate of light processing with less
need for excess energy dissipation, which was evi-
dent in the higher effective quantum yield and lower
levels of non-photochemical quenching (a measure
of energy dissipation) (Helbling et al. 2011). Com-
pared with other mechanisms recorded as ways used
by diatoms for dealing with increased UVR (higher
repair rates in Thalassiosira pseudonana and energy
dissipation in Chaetoceros gracilis) (Sobrino & Neale
2007, Halac et al. 2010), whereby energy would be
used for processes other than production, increasing
Rubisco activity actually promotes higher photosyn-
thetic rates and biomass accrual of this species (Hel-
bling et al. 2011). If this was translated to the commu-
nity level, it means that species that are using this
type of mechanism to deal with elevated UVR and
temperature would be well positioned to outcompete
others that rely on repair processes only, causing a
shift in species composition.

The community structure of phytoplankton is likely
to be affected by the interactive effects between tem-
perature and UVR, but is also dependent on other
environmental factors. Using an example from fresh-
water systems, when investigating high-latitude lake
phytoplankton, UVR was shown to inhibit growth
more at 6°C than at 14°C (Doyle et al. 2005), although
this response was dependent on the species investi-
gated and nutrients present. Thus a diatom, Fragi-
laria sp., was the species most affected at 14°C under
elevated UVR conditions, but only under nutrient-
replete conditions, due to higher growth rates (attrib-
utable to a high nutrient load and higher tempera-
ture), because under these conditions DNA synthesis
was accelerated and more prone to UVR damage
than under less favourable conditions (Doyle et al.
2005).

Studies of UVR effects on macroalgae have focused
more on their early developmental stages than on
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fully formed thalli, and the interaction of UVR with
temperature shows changes at certain threshold tem-
peratures (Hoffman et al. 2003). Thus, germination of
propagules in the kelp Fucus gardneri was strongly
affected by the interaction between temperature and
UVR, whereby germination increased by 30% at the
highest temperature of 20°C (in the absence of UVR),
but with the addition of UVR, temperature had no
effect on germination at all. On the other hand,
 germination at 2 lower temperatures (10 and 15°C)
was strongly affected by both temperature and
UVR (Hoffman et al. 2003). A similar response was
observed in Gelidium pulchellum grown at 15 and
25°C, whereby the high-temperature-grown thalli
showed a less marked change in quantum yield, Fv/Fm,
under UVR, compared with the  low-temperature
algae (Gomez et al. 2001).

The sensitivity of macroalgae to UVR is very much
species-specific, but also depends on their develop-
mental stage. Thus different Fucus species showed
different sensitivity to UVB, with F. serratus germ -
lings being completely killed by UVB of 0.8 W m−2,
F. vesiculosus less so (90% of germilings killed off),
while F. spiralis had >50% survival rate under the
same conditions (Altamirano et al. 2003). At the same
time, F. serratus showed the highest sensitivity to the
interactive effects of UVB and temperature, as some
repair mechanisms were less efficient at higher
 temperatures. Based on the response of all species
and interactive effects, Altamirano et al. (2003) con-
cluded that macroalgal growth is less sensitive to
UVB at lower temperatures, and such  species-
specific responses to these environmental factors
might affect zonation of different species along the
shore. Altamirano et al. (2003) also showed differ-
ences in response between UVA and UVB effects.
The lowest relative growth rates of germlings were
always recorded in PAR plus UVA plus UVB (PAB)
treatments, and were the highest in a ‘PAR only’
treatment, with UVA plus PAR having an intermedi-
ate response, but the UVR levels causing the effects
differed between different Fucus species at all
 temperatures investigated. Two macroalgal species,
Saccharina latissima and Laminaria digitata, also
also showed differential responses between different
stages of their life cycle (Müller et al. 2008). Thus,
zoospore formation (gametogenesis) in L. digitata
was positively affected by UVA, and was more af -
fected under elevated temperature. On the other
hand, egg release and sporophyte formation in
another brown alga, L. hyperborea, was impaired
by UVA, even at favourable temperatures (Müller
et al. 2008). In contrast, gametogenesis in these spe-

cies was shown to be UVB tolerant, irrespective of
the temperature. Müller et al. (2008) thus showed
 species-specific and stage-specific responses among
macroalgae to the damage−repair balance at vari-
ous temperatures. Under natural diel temperature
changes, the conchocelis phase of Porphyra haitai -
nen sis showed much lower levels of diurnal effective
quantum yield compared with its vegetative thallus
stage (Jiang et al. 2008), and sheltering in shells pro-
vided significant protection from UVR for the con-
chocelsis (Jiang et al. 2009). Species successional
changes were associated with a decline in UVR sen-
sitivity of macroalgal communities after 2 to 3 mo in
different regions across both hemispheres (Wahl et
al. 2004). Different latitudes with different tempera-
ture, diel, and seasonal variations, along with differ-
ent macroalgal communities, can lead to differential
effects of UVR.

UVR−CO2 INTERACTIONS

Increasing atmospheric CO2 and its dissolution into
seawater is known to alter marine carbonate chem-
istry, causing OA. The literature on the effects of OA
on both phytoplankton and macroalgae is rapidly
growing, but the effects re ported are very varied.
Some papers report stimulative effects, others show
neutral, and some show in hibitory impacts on photo-
synthesis, growth, or other physiological parameters
(see the reviews of Riebesell & Tortell 2011 and Gao
et al. 2012a, and literature therein). Such different
responses reported so far have even been reported
for the same species or strain (Gao & Campbell 2014).
There have been few studies on the effects of OA
under multiple stressors and evolutionary responses
in marine primary producers. However, it is gener-
ally accepted that OA due to increased pCO2 down-
regulates carbon-concentrating mechanisms (CCMs)
and alters the differential responses to OA under
 different light  levels, at least in diatoms.

A large number of marine and freshwater primary
producers express CCMs (Giordano et al. 2005,
Beardall et al. 2009b), which are modulated by a
range of environmental factors, including elevated
CO2 concentrations (Giordano et al. 2005). The pres-
ence or absence of CCMs in a particular species
might influence their response to future climate
change scenarios, including both increased CO2 avail -
ability (and consequent seawater acidity) and in -
creased UVB irradiance. CCMs are energetically
costly, and their down-regulation can save the energy
that would be diverted to other physiological pro-
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cesses in cells (including mechanisms to minimise
or repair damage; see Eq. 1), so that growth or other
physiological processes may respond differentially to
UVR under elevated CO2 and lower pH conditions
(OA scenario) (Gao et al. 2012b). This can be further
complicated by differential sensitivity to UVB of
the mechanisms involved in carbon acquisition—as
CO2 or HCO3

− (Sobrino et al. 2005). In the diatom
Phaeodactylum tricornutum, OA treatment and UVB
showed antagonistic effects, resulting in fast photo-
chemical recovery and a higher repair/damage ratio
in the OA-grown cells (Y. Li et al. 2012). On the other
hand, OA and UVB acted synergistically to reduce
calcification of the algal calcifiers Emiliania huxleyi
(Gao et al. 2009) and Coralina sessilis (Gao & Zheng
2010). Under fluctuating sunlight, however, UVB was
shown to have little impact on cells grown under OA
conditions (Jin et al. 2013). To predict the perform-
ance of primary producers exposed to the combined
influence of UVR and CO2, species-specific physio-
logical traits are important and should be investi-
gated under different experimental setups.

Algal uptake and utilization of inorganic carbon is
facilitated by the presence of carbonic anhydrase
(CA), which controls reversible CO2−HCO3

− inter-
change, and is an important factor in functioning
CCMs. Moderate levels of both UVA and UVB have
been shown to promote CA activity and periplasmic
protein synthesis, with moderate levels of UVA and
UVB treatments increasing CA activity by 28 and
24%, respectively, in the diatom Skeletonema costa-
tum (Wu & Gao 2009). UVA and UVB are known to
damage DNA or proteins; however, moderate levels
of UVA have also been shown to stimulate photosyn-
thetic carbon fixation of phytoplankton assemblages
(Gao et al. 2007, Li et al. 2011) and enhance growth
of a red alga (Gao et al. 2008). Apparently, UVA irra-
diance can modulate CCMs or photosynthetic inor-
ganic carbon affinity in both diatoms (Wu & Gao
2009) and macroalgae (Xu & Gao 2009). It is likely
that UVR can act antagonistically with elevated levels
of CO2 that down-regulate CCMs (Gao et al. 2012a).

Research on the interactive effects of elevated CO2

and UVR has been increasing in recent years. In most
cases, research has focused on the effects these
 factors have on growth and photosynthetic perform-
ance, with little attention given to explaining the
exact CCM mechanisms involved (Beardall et al.
2009b). In contrast to CCM down-regulation or com-
plete switch-off under very high CO2 levels (10 000 to
50 000 ppmv) (see review by Giordano et al. (2005)
and literature therein), recent studies have shown
that elevated levels of CO2 up to that predicted for

the end of this century (1000 ppmv) have been shown
to down-regulate CCMs in diatoms (Wu et al. 2010b,
W. Li et al. 2012, Yang & Gao 2012). While most of
these results were obtained under PAR-alone condi-
tions, there have been a few studies that examined
the algae grown under solar radiation in the pres-
ence of UVR at elevated CO2 (Xu & Gao 2009, Chen
& Gao 2011, Wu et al. 2012). When the diatom Cylin-
drotheca closterium f. minutissima was grown under
natural solar radiation for 6 d, its growth rate was
 little affected by elevated CO2 and no obvious corre-
lation with the radiation dose (for both PAR and PAR
+ UV treatments) could be detected. However, the
relative electron transport rate was reduced and was
more sensitive to UVR in the cells maintained at ele-
vated CO2 compared with the cells grown at ambient
CO2, with the CCM being down-regulated (Wu et al.
2012). In the red alga Gracilaria lemaneiformis, when
grown under natural solar radiation at ambient CO2

levels, the presence of UVR enhanced the activity
of total CA and the photosynthetic affinity for exo -
genous inorganic carbon (Gao & Xu 2008, Xu & Gao
2009). In the diatom S. costatum, during the induc-
tion of periplasmic (extracellular) CA activity under
reduced CO2 availability at pH 8.7, exposure to mod-
erate levels of UVA and/or UVB for 1 to 2 h enhanced
CA activity and its synthesis (Wu & Gao 2009). These
results imply that UVR and CO2 can interact to influ-
ence the CCMs in these algal species. However, such
an interaction might be species-specific. In the red
tide alga Phaeocystis globosa, the CCM was not
affected by elevated pCO2 and UVR, in view of
unchanged activities of both intracellular and extra -
cellular CA and non-responsive photosynthetic af -
finity with CO2 enrichment (Chen & Gao 2011). The
interactive effects of UVR and CO2 on algal CCMs
could be neutral or antagonistic, which could also be
dependent on levels of solar radiation.

UVR affected the assimilation of inorganic carbon
in the green alga Dunaliella tertiolecta, but not the
uptake of carbon, which resulted in an increased
intracellular pool of inorganic carbon under ele-
vated UVR conditions (Beardall et al. 2002). This
was ex plained by the differential effect that UVR
had on PSI, compared with PSII, the latter being
more prone to damage under UVR conditions.
Cyclic electron flow around PSI drives ATP pro -
duction (necessary for CCM activity). On the other
hand, PSII, which is more affected by UVR, is
required for non-cyclic electron flow (together with
PSI), generating both ATP and NADPH, as needed
for assimilation of  carbon. However, UV-stimulated
carbon acquisition might be partially responsible
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if transmembrane ion channels are responsive to
UV irradiances.

When observing the interactive effects of these 2
parameters, the lack of interaction could be influ-
enced by different targets for each factor indi -
vidually, so the combined effect would be expected
to be additive, but based on the initial results that
was not the case (Beardall et al. 2009a).

Early results obtained on the interactive effects of
UVR and CO2 and OA showed this to be very much
dependent on the species, which was influenced by
their preference for the species of inorganic carbon
used (Sobrino et al. 2005). Studies on Nannochloris
and Nannochloropsis species, with different CCM
mechanisms, showed that this interaction can either
be non-existent or positive. No interaction between
UVR and OA was present in Nannochloris atomus,
which is a CO2 user: even though increased CO2

 positively influenced its growth and photosynthesis
rates, addition of UVR did not impact on the sensitiv-
ity of this species. In contrast, in Nannochloropsis
gaditana, which is known to transport HCO3

−, ele-
vated CO2 decreased not only the growth rate, but
also the sensitivity to UVR (Sobrino et al. 2005). Such
different responses from species could affect the
composition of communities and their combined
response to this interaction.

Increased growth and photosynthesis under ele-
vated CO2 does not necessarily mean that they are
also going to improve the sensitivity of a particular
species to UVR, as shown for Thalassiosira pseudo-
nana (Sobrino et al. 2008). These authors recognized
the need to properly acclimate cultures to elevated
CO2 levels prior to UVR exposure, and argued that
some of the effects observed in the earlier study by
Sobrino et al. (2005) could be due to differences in the
acclimation period. As mentioned above in relation to
temperature, the acclimation period is im portant in
some species to properly understand their response to
elevated UVR. In the case of the diatom T. pseudo-
nana, acclimation of cells to high CO2 (1000 ppmv)
caused a higher sensitivity to UVR, compared with
the cells acclimated to ambient atmo spheric CO2 lev-
els. Similar to the need for CO2 ac climation, it was
shown that acclimation to UVR diminishes the in-
crease in susceptibility experienced under elevated
CO2 levels, reflecting an antagonistic effect (Sobrino
et al. 2008). At the same time, in creased susceptibility
of T. pseudonana to UVR un der elevated CO2 was ex-
plained by down-regulation of the photosynthetic ap-
paratus under those conditions, which in turn affects
the repair mechanism and enzymes involved (Sobrino
et al. 2008). On the other hand, in the same species,

when grown under similar CO2 levels (representing
the OA scenario) and ex posed to extremely high PAR
levels (1200 μmol  photons m−2 s−1), down-regulation
of CCMs by high CO2 did not cause any additional
light stress in this species, as evident by the same re-
sponse of photochemical and non-photochemical
quenching under different CO2 levels (Yang & Gao
2012). When grown under ambient CO2 concentra-
tions, a strain of the diatom S. costatum that had been
grown under indoor low light without UV for decades
increased its tolerance of UVR compared with that of
a wild strain (freshly isolated from the ocean) in terms
of growth rate, after acclimation for 3 d to natural
solar radiation with UVR (Guan & Gao 2008). Never-
theless, light history or evolutionary adaptation (as
can happen with strains grown in a laboratory for
decades) could result in differential photosynthetic
and growth responses of phytoplankton to UVR and/
or OA. It is increasingly important to use freshly iso-
lated species from different waters to examine the ef-
fects of OA or/and UVR.

The interactive effects of CO2 and UVR would be
particularly important in assessing the performance
of some algae of concern, such as those, both toxic or
non-toxic, that form blooms (Gao et al. 2012a). For
instance, P. globosa showed both negative (reduced
rates under elevated CO2 and PAR or total solar radi-
ation) or positive (stimulation of photochemical yield
and growth rate by UVA and CO2 during cloudy
days) effects (Chen & Gao 2011). Furthermore, there
were different effects of UVA and UVB in the study
of Chen & Gao (2011): UVA acted synergistically
with elevated CO2 to increase photosynthetic per-
formance; however, a reduction in photochemical
efficiency (effective quantum yield) and growth was
caused by the synergistic effects of UVB and acidifi-
cation, while moderate levels of UVA stimulated both
parameters. Due to the opposite effects of UVA and
UVB in combination with CO2 (acidification), the
future response of primary producers and the bal-
anced effect of acidification may depend on the
depth at which organisms are found (due to differ-
ences in UVA and UVB penetration with depth).

Emiliania huxleyi, a coccolithophore known to form
extensive blooms in both the Northern and Southern
hemispheres, was also investigated for similar syner-
gistic effects. This species forms external plates (coc-
coliths) made out of CaCO3, via a mechanism that in-
cludes various species of inorganic carbon. Hence,
elevated CO2 levels might affect both photosynthesis
and calcification in this species, although, as pointed
out by Doney et al. (2009) and others (see Beardall
et al. 2009b), responses vary widely between strains
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and experimental approach. Gao et al. (2009) ex -
posed this alga, grown under elevated CO2, to UVR
and found that reduced thickness of the coccolith
 layers led to higher inhibition of photosynthesis.
On the other hand, reduction of the Ca2+ level by 100-
fold did not affect E. huxleyi’s growth but re duced its
non-photochemical quenching, reflecting a role of
calcification as an additional energy sink for photo-
protection (K. Xu & Gao 2012). These 2 processes,
calcification and non-photochemical quenching,
might be linked to protect the cells from photodam-
age. The calcified layer of coccoliths in E. hux leyi was
shown to screen off about 25% of UVB (Gao et al.
2009). When this alga was grown under elevated dis-
solved inorganic carbon levels, the thickness of coc-
colith cover increased, with reduced photochemical
sensitivity to UVR (Guan & Gao 2010a,b). This sug-
gests that calcification can optically shield off UVR
and decrease damage caused by photo inhibition.

Not just individual species of phytoplankton, but
also communities have been investigated for the
interactive effects of UVR and CO2. For instance, in
the USA, Lake Giles phytoplankton responded posi-
tively to the addition of CO2, showing an increase in
their productivity of up to 23% (Sobrino et al. 2009).
However, with the addition of CO2, this population
was also more susceptible to UVR, as CO2 increased
their sensitivity and photoinhibition. This was true,
irrespective of the CO2 treatment applied—whether
it was artificial addition of CO2 or by mineralization
of coloured dissolved organic matter (CDOM) de -
rived from the terrestrial environment. The effect
of CDOM is particularly interesting, as it has been
shown that the availability of inorganic elements,
such as carbon, nitrogen and iron, can be raised in
the presence of UVR that enhances the photolysis of
CDOMs (Mostofa et al. 2013). Full understanding of
the performance of natural populations is difficult,
due to a range of other environmental factors that
might be having an impact at the same time (Sobrino
et al. 2009).

One would expect that marine macroalgae would
be even more affected by OA and UVR, due to their
ecological niche. Ulva lactuca is an intertidal green
macroalga that is exposed to varying CO2 and UVR
levels during a tidal cycle. When exposed to air dur-
ing low tide under different CO2 levels, mimicking
intertidal conditions, this species showed stimulated
photosynthetic rates at the elevated CO2 level, but
extended exposures around noon in the presence of
UVR caused photoinhibition (Zou et al. 2007). The
red alga Gracilaria lemaneiformis grown under ele-
vated CO2 eliminated the deleterious ef fects of UVR

on photosynthesis by increasing the content of UVR-
absorbing compounds and main taining high contents
of phycoerythrin (Xu & Gao 2010a,b), while for
another red macroalga, Porphyra haitanensis, UVR
offset the benefit from elevated levels of CO2 to its
growth (Xu & Gao 2013).

When trying to evaluate more than 2 parameters
that are going to change under future climate change
scenarios, the response gets even more complicated.
For instance, the diatom Phaeodactylum tricornutum
was tested by Y. Li et al. (2012) for the combined
effects of elevated CO2 (as ocean acidification), UVR,
and temperature. They showed that elevated CO2

levels countered the harmful effects of UVR on PSII
by stimulating non-photochemical quenching, but
this was less evident under elevated temperature.
On the other hand, temperature and CO2 acted in
synergy by reducing the inhibition in carbon fixa-
tion rate caused by UVR (Y. Li et al. 2012). While
diatoms grown under elevated CO2 levels of 800 to
1000 ppmv showed enhanced photorespiration and
non-photochemical quenching (Gao et al. 2012a),
which play photoprotective roles, elevated levels of
CO2 could possibly enhance photosynthetic carbon
fixation even in the presence of UVR, counteracting
the negative effects of seawater acidification and
associated chemical changes.

CONCLUSIONS AND FUTURE RESEARCH
 PERSPECTIVES

It is clear that other factors (temperature, nutrient
availability, elevated CO2 and OA) associated with
global change will have an effect on the suscepti -
bility of algal photosynthesis and growth to UVR as
summarised in Fig. 2. Importantly it seems that many
of these factors can tip the balance between damage
and repair processes, which defines the net impact of
UVR. The key points are:
• UVB is one of the key climate change multiple
stressors, and increasing irradiance or exposure with
global warming (due to a shoaled UML) can interact
with other environmental factors or stressors to in -
fluence marine primary producers, though different
waters or species show differential responses.
• Reduced availability of inorganic nitrogen increases
the sensitivity of algae to UVR, but there is some
 variability in the effects of phosphate limitation on
the response of algae to UVR, which merits further
investigation.
• There are major gaps in our understanding—there
are large species-specific differences in responses to
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UVR and its interactions with other stressors, as well
as time-dependent effects that depend on the degree
of acclimation. Furthermore, only a few species of
algae and aquatic macrophytes have so far been
investigated.
• There is a lack of information on how iron limitation
might influence UVB susceptibility, which is of espe-
cial interest given the large proportion of the world
ocean (especially in the Pacific and Southern oceans)
that is impacted by low iron concentrations.
• If the world’s oceans in tropical and mid-latitudes
are likely to become more nutrient-limited, with an
increased dominance of smaller-celled organisms,
attention needs to be given to species that are likely
to become more dominant (such as Prochlorococcus
or nanophytoplankton).
• While a number of reports in the literature docu-
ment the impacts of UVR on the relationship between
photosynthesis and growth with light, little is known
on how UVR affects thermal windows (physiological
parameters vs. temperature) of algae.
• While nutrient availability affects the tolerance of
algae to UVR, elevated CO2 and OA could counteract
some of the effects induced by UVR. However, the
mechanisms involved are unclear.

As a final note, we point out that it is important to
consider the time course of experiments designed to
investigate interactions of UVR with other stressors,
as short-term experiments can potentially ignore
longer-term acclimation responses. There is also
much to be learnt from field-based experiments; for
example, studies of OA effects on algae surrounding
volcanic CO2 vents, such as those conducted by
Porzio et al. (2011) and Johnson et al. (2012), have
provided useful information on OA impacts and

could be extended to look at UVR−OA interactions.
Finally, studies of interactions among a range of envi-
ronmental factors (UV, CO2, temperature, nutrients)
require careful attention to the experimental design,
whether these studies are laboratory- or field-based.
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