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Abstract Rising carbon dioxide (CO2) concentrations in the
atmosphere result in increasing global temperatures and ocean
warming (OW). Concomitantly, dissolution of anthropogenic
CO2 declines seawater pH, resulting in ocean acidification
(OA) and altering marine chemical environments. The marine
biological carbon pump driven by marine photosynthesis
plays an important role for oceanic carbon sinks. Therefore,
how ocean climate changes affect the amount of carbon fixa-
tion by primary producers is closely related to future ocean
carbon uptake. OA may upregulate metabolic pathways in
phytoplankton, such as upregulating ß-oxidation and the tri-
carboxylic acid cycle, resulting in increased accumulation of
toxic phenolic compounds. Ocean warming decreases global
phytoplankton productivity; however, regionally, it may stim-
ulate primary productivity and change phytoplankton commu-
nity composition, due to different physical and chemical en-
vironmental requirements of species. It is still controversial
how OA and OW interactively affect marine carbon fixation
by photosynthetic organisms. OA impairs the process of cal-
cification in calcifying phytoplankton and aggravate ultravio-
let (UV)-induced harms to the cells. Increasing temperatures
enhance the activity of cellular repair mechanisms, which mit-
igates UV-induced damage. The effects of OA, warming, en-
hanced exposure to UV-B as well as the interactions of these

environmental stress factors on phytoplankton productivity
and community composition, are discussed in this review.
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Introduction

Anthropogenically induced global environmental changes and
natural variability are altering terrestrial and aquatic environ-
ments and ecosystems, affecting the sustainable development
of resources for a rapidly increasing human population
(Lammers et al. 2013). Increasing release of CO2 from fossil
fuel burning, tropical deforestation, and other sources results
in ocean acidification (Zeebe 2012) and global warming
(IPCC 2014) which leads to increases in sea level (Nick
et al. 2013) and alteration in water mixing dynamics (Ehlert
et al. 2017). The oceans are a major sink for atmospheric CO2

and therefore a major player in the global change partially
mitigating temperature increases (Landschützer et al. 2014).
The main mechanism for removing CO2 in the water is the
biological carbon pump (Honjo et al. 2014). Prokaryotic and
eukaryotic primary producers in the oceans absorb CO2 and
fix it via photosynthesis to generate organic matter. Marine
productivity, mainly by phytoplankton, accounts for about
50% of the global primary production (Field et al. 1998).
These organisms form the basis of the oceanic food webs,
supporting, directly and indirectly, most marine consumers
including microbes and metazoans. Organic material in the
form of dead organisms and fecal pellets sediment as Boceanic
snow^ to the deep sea bottom and add to the largest carbon
reservoir on the planet (IPCC 2014).
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Global warming caused by increasing atmospheric CO2

and methane concentrations results in increasing surface sea-
water temperatures enforcing stratification and shoaling of the
upper mixed layer (UML) above the thermocline (Boyce et al.
2010; Wang et al. 2015). This exposes the organisms dwelling
in this layer to excessive solar visible (PAR) and UV radiation
(UVR) (Gao et al. 2012a, 2012b). In addition, the augmented
stratification hinders the transport of dissolved inorganic mac-
ronutrients from deeper waters into the UML (Behrenfeld
et al. 2006). On the other hand, rising temperatures increase
metabolic functions in phytoplankton and may mitigate UV-
B-inflicted damage by increasing the repair mechanisms in the
cells (Häder et al. 2015).

While stratospheric ozone depletion has been stalled and
there are signs of a recovery in the Antarctic Ozone Hole due
to the effects of theMontreal Protocol, increased levels of UV-
B (280–315 nm) still prevail due to the long lifetimes of CFCs
(chlorinated fluorocarbons) in the stratosphere (on the order of
many decades) (McKenzie et al. 2011; Newman and
McKenzie 2011; Solomon et al. 2016). In addition, HCFCs
(chlorodifuoromethane) have a small but noticeable ozone
depletion potential, and their concentrations are increasing
because they are used as substitutes for CFCs (Wallington
et al. 1994). It is assumed that UVR will decrease at mid-
and high latitudes relative to the 1960s, but the trend in the
tropics may depend on the emission of CO2, CH4, and N2O
(Bais et al. 2015). However, simulations based on a chemistry-
climate model indicated that the total ozone might be lower in
the tropics compared to the 1960s (United Nations
Environment Programme Environmental Effects Assessment
Panel 2017). For these reasons, the eco-physiological effects
of the enhanced UV-B radiation continue to rouse increasing
attention (Häder and Gao 2015).

Ocean acidification, warming, and enhanced exposure to
excessive PAR andUVR have positive and negative effects on
phytoplankton productivity and community structure (van
Wells et al. 2015; Domingues et al. 2017). This review de-
scribes the individual and interactive effects of these ecologi-
cal stress factors on ecologically and economically important
marine primary producers.

Ocean acidification and its effect on phytoplankton

The uptake of CO2 from the atmosphere depends on temper-
ature, salinity, mixing intensity, and chemistry of surface sea-
water that interacts with biological activities. The decline of
surface ocean pH due to dissolution of anthropogenic CO2

results in ocean acidification (OA) (Caldeira and Wickett
2003). In the upper mixing layer (UML), the average lifetime
of dissolved CO2 is about 6 years while the exchange between
epipelagic and mesopelagic seawater (1000–4000 m depth)
requires hundreds of years (Raven et al. 2005). Sabine et al.

(2004) calculated that the oceans have absorbed more than
30% of the anthropogenically released CO2, thereby partially
mitigating global warming. Combustion of fossil fuel and
tropical deforestation results in an increase of atmospheric
CO2. This is further augmented by a feedback mechanism
resulting from a release of CO2 and methane from thawing
permafrost areas in the Arctic due to rising global tempera-
tures (Schädel et al. 2016). Since more than half of the CO2

absorbed by the oceans remains in the surface layer (0–
400 m), OA accelerates with declining capability to take up
the CO2 (Sabine et al. 2004). With increasing atmospheric
CO2 concentrations up to 1000 ppmv under the business-as-
usual scenario (RCP8.5), the pH of surface oceans is predicted
to drop by 0.4 units, indicating an increase of H+ ions by about
150% (Zeebe and Wolf-Gladrow 2001; Caldeira and Wickett
2003; Gattuso et al. 2015).

As CO2 reacts with water, it forms carbonic acid which
dissociates into H+ and HCO−

3 :

CO2 þ H2O⇌H2CO3 ð1Þ

H2CO3⇌H
þ þ HCO�

3 ð2Þ

The latter product further dissociates into H+ and CO2−
3 :

HCO−
3⇌H

þ þ CO2−
3 ð3Þ

The equilibrium constants of these three reactions depend
on salinity and temperature in the surface waters. As the con-
centration of H+ increases in Eq. 2, reaction 3 is shifted to the

left, resulting in a decrease of the CO2−
3 concentration.

The decline of CO2−
3 has an effect on the saturation (Ω) of

CaCO3 in seawater (Ω = Ca2+ × CO2−
3 /Kc).Kc is the product of

Ca2+ × CO2−
3 when CaCO3 is saturated, which depends on the

crystalline type of CaCO3 (such as calcite and aragonite). Since
the oceanic Ca2+ concentration is relatively constant (approxi-
mately 10 mM), the CaCO3 saturation mainly depends on the

concentration of CO2−
3 . In general, HCO−

3 in the seawater ac-
counts for more than 90% of the dissolved inorganic carbon

(DIC), CO2−
3 for about 9%, and CO2 for less than 1% (these

percentages change with temperature at different latitudes or
regions) (Zeebe and Wolf-Gladrow 2001). Increasing atmo-
spheric CO2 concentrations result in an increase in dissolved
CO2, HCO

−
3 , and H+, but a decrease in the concentration of

CO2−
3 and consequently a decrease in the saturation of

CaCO3. Since the Industrial Revolution, the concentration of

CO2−
3 in the epipelagic seawater has decreased approximately

by 10% (Orr et al. 2005). If the atmospheric CO2 concentration
doubles, the partial pressure of CO2 (pCO2) in epipelagic sea-

water will also double, while the decline in CO2−
3 concentration

depends on temperature (latitudes) (Kleypas et al. 2006).
During the past 300 million years, atmospheric CO2 con-

centrations have changed very slowly, allowing effective
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mixing between the surface and deeper layers of the oceans, so
that OAwas moderate (Hönisch et al. 2012). Since the depo-
sition of CO2 into deeper oceanic layers takes thousands of
years, OAwould not disappear in the next few hundred years,
even if anthropogenic emission stopped now abruptly (Raven
et al. 2005).

OA modifies the oceanic carbonate chemistry (Millero
2007), which in turn affects organisms and ecosystems to dif-
ferent degrees in different waters and latitudes, considering
compounded impacts with multiple environmental drivers
(Riebesell and Gattuso 2015). Other key factors, such as expo-
sure to solar radiation in the presence of UV radiation, temper-
ature, and nutrient availability, also change, inevitably affect
biological productivity and other ecological processes of ma-
rine ecosystems (Boyd 2011; Gattuso et al. 2015).The carbon
chemistry in the oceans is of utter importance for photosynthet-
ic organisms, including prokaryotic and eukaryotic phyto-
plankton as well as macroalgae and seagrasses, since these
primary producers generate organic matter via photosynthesis
that relies on the availability of inorganic carbonwhich changes
with altered carbonate chemistry (Raymont 2014; Britton et al.
2016). The performance of the primary producers may have
profound effects on secondary productivity and ecosystem ser-
vices, such as food quality (Jin et al. 2015). Therefore, under-
standing the effects of OA on primary productivity is key to
evaluating the functioning of marine ecosystems. At low dis-
solved inorganic carbon (DIC) levels in waters, increasing CO2

concentrations usually augment growth and photosynthetic car-
bon fixation, while at high levels the increasing H+ concentra-
tions may impair these processes in many species. The depen-
dence of phytoplankton physiological reactions on the DIC
concentration and carbonate chemistry follows an optimum
curve, as shown for the ecological important groups of
coccolithophores, diatoms, and cyanobacteria (Miyairi 1995;
Bach et al. 2015; Liu et al. 2017).

Recent studies have indicated that OA may either enhance
photosynthesis and growth in phytoplankton (Riebesell and
Tortell 2011) or have no significant effect (Tortell et al. 2000;
Kim 2006; Gao and Campbell 2014) or may even decrease
productivity by enhancing mitochondrial respiration and pho-
torespiration (Wu et al. 2010; Gao et al. 2012a; Mackey et al.
2015). When the effect of OA is considered together with high
PAR, previous studies have shown that it decreases carbon
fixation in phytoplankton communities and impairs growth of
diatoms at high PAR levels, but has the opposite (stimulating)
effect on diatoms at low PAR levels (Gao et al. 2012b)
(Fig. 1a). These puzzling results can be explained by the fact
that high CO2 concentrations downregulate the uptake capacity
of the cells for DIC (CO2 concentrating mechanisms), so that
energy, which is used for the active uptakemechanism, is saved
and phytoplankton growth at low irradiances is augmented.
Being consistent with the results of Gao et al. (2012b), at high
light intensities, OA decreased the maximal growth rates of the

coccolithophore Gephyrocapsa oceanica (Zhang et al. 2015).
However, OAwas reported to increase the growth rates of the
coccolithophore Emiliania huxleyi at both low and high light
intensities (Jin et al. 2017) (Fig. 1b). This indicates that
E. huxleyi may have a potential to dissipate more energy even
under OA due to extra energy cost of calcification and the
maintaining of the cell homeostasis, displaying a different re-
sponse from that of the diatoms. Phytoplankton species, as
reported in diatoms and coccolithophores, increase synthesis
and accumulation of toxic phenolics under OA conditions,
and their degradation is suggested to generate additional energy
against the acidic stress, as shown in increased mitochondrial
respiration (Jin et al. 2015). By this mechanism, OA enhances
several biochemical pathways including β-oxidation of lipids,
the tricarboxylic acid (TCA) cycle, and glycolysis (Fig. 2) (Jin
et al. 2015). In addition, toxin biosynthesis is linked to the
autotrophic metabolism of some harmful algal blooms
(HAB). Changes in CO2 availability and temperature may in-
directly affect cellular toxicity (Fu et al. 2012). OA may in-
crease the production of toxins in harmful bloom-forming algae

Fig. 1 Concepts of modulation effect of rising CO2 on the light response
curves of growth rates of diatoms (a) and the coccolithophore Emiliania
huxleyi (b). At low PAR, rising CO2 levels augment growth rates of
diatoms, while at high PAR rising CO2 impairs them (a). At low and
high PAR, rising CO2 level augments growth rates of coccolithophore
E. huxleyi (b). Conceptual figure was based on the data of Gao et al.
(2012b) and Jin et al. (2017). LC indicates phytoplankton grew at current
CO2 level and HC indicates phytoplankton grew at the CO2 level at the
end of this century
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as has been shown in the diatom Pseudo-nitzschia (Sun et al.
2011) and in toxic dinoflagellates Alexandrium fundyense
(Hattenrath-Lehmann et al. 2015). van Wells et al. (2015) sug-
gested that phytoplankton toxins account for a very small pro-
portion of total cellular carbon, and there is no evidence that
cellular toxicity is directly related to the intra- or extracellular
pH. However, slight differences in culture conditions may af-
fect the trends in toxin production. In addition, OA increased
the transparent exopolymer particle (TEP) concentrations dur-
ing an algal bloom in the Baltic Sea during spring 2009 (Engel
et al. 2014). This implies that rising CO2 supports production
and exudation of carbon-rich components and enhances parti-
cle aggregation and settling. At a low CO2 level, the abundance
of Phaeocystis increased by about 60% in the Peruvian coast,
which resulted in higher nitrate/silicate (N/Si) consumption ra-
tios, while at high CO2 level, the abundance of diatom in-
creased by 50%, which increased the N/Si consumption
(Tortell et al. 2002; Domingues et al. 2017). Elevated CO2

concentration increasedDIC consumption of a natural plankton
community in Raunefjorden, Norway, whereas nutrient uptake
remained the same (Riebesell et al. 2007). From a mesocosm
experiment, Larsen et al. (2008) reported that the abundance of
the virus, EhV, decreased with rising CO2 levels, whereas its
host, E. huxleyi, showed the reverse opposite response with a
slight increase in the abundance at higher CO2. This suggests
that the reduced viral concentration was caused by changes in
host-virus interaction rather than being a secondary effect of a
reduced algal production. On the other hand, Chen et al. (2015)
found that OA treatment and virus infection acted synergisti-
cally to enhance photoinhibition and reduce carbon fixation in
Phaeocystis globosa.

Cyanobacterial nitrogen fixation can provide biologically
usable nitrogen in oligotrophic waters, which promotes
growth of phytoplankton and increases photosynthetic carbon
fixation (Eichner et al. 2014). By this mechanism, nitrogen-
fixing cyanobacteria (diazotrophs) indirectly mitigate global

Fig. 2 Upper panel: Ocean
acidification (OA) upregulates
(red) or downregulates (green)
metabolic pathways of calcified
phytoplankton E. huxleyi. The
cells upregulate several metabolic
pathways such asβ-oxidation, the
TCA cycle, and glycolysis (upper
panel) which is required for the
degradation of phenolics, in order
to gain more energy to resist OA.
Lower panel: OA significantly
increased the concentrations of
phenolics of phytoplankton as-
semblages in 30-L microcosm
(left panel) and in 4000-L
mesocosm experiments (right
panel). LC indicates phytoplank-
ton grew at 395 μatm CO2, and
HC indicates phytoplankton grew
at 1000 μatm CO2 (Jin et al.
2015). Vertical lines represent
standard deviation of the means.
*Significance at the p < 0.05 level
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warming (Michaels et al. 2001; Berthelot et al. 2015). In
cyanobacteria with heterocysts, OA can either augment
(Wannicke et al. 2012) or impair (Czerny et al. 2009) nitrogen
fixation. In cyanobacteria without heterocysts, the response of
nitrogen fixation to OAvaries between species (Eichner et al.
2014). In Trichodesmium and several cyanobacteria groups,
OA slows nitrogen fixation and growth (Shi et al. 2012), while
in other species no or little effects were reported (Böttjer et al.
2014; Gradoville et al. 2014). However, enhanced nitrogen
fixation rate has been shown in Trichodesmium after having
been adapted to OA for hundreds of generations. Adapted
Trichodesmium displayed shifts in diel nitrogen fixation pat-
terns, and increased activity of a potentially regulatory DNA
methyltransferase (Hutchins et al. 2015). These contradictory
results may be due to species- or strain-specific physiological
response to rising CO2, or different experimental culture con-
ditions such as short- and long-term growth under the effect of
OA. Because of these differences, biodiversity and communi-
ty structure of phytoplankton will change with rising CO2

(Hutchins et al. 2013; Gradoville et al. 2014). In a freshwater
cyanobacterium, for example, Van de Waal et al. (2011)
showed that, within mixtures of toxic and non-toxic strains
of Microcystis aeruginosa, the toxic strain became dominant
in competition at low CO2 levels. In marine ecosystems,
species-specific responses in photosynthetic organisms and
their grazers to OA may result in significant differences in
phytoplankton community structures.

Phytoplankton species are affected by OA both in pelagic
and coastal waters. However, in pelagic waters under limita-
tion of dissolved inorganic macronutrients or less mixing,
phytoplankton cells may respond differentially than coastal
species, as reported for diatoms (Li et al. 2016). While most
of the earlier investigations on this topic have been carried out
in the laboratory under controlled conditions, it is mandatory
to study the effects of OA on photosynthesis and growth of
phytoplankton under natural conditions in order to evaluate
the influence of multiple environmental factors on phyto-
plankton (Riebesell and Gattuso 2015; Tilstone et al. 2016;
Grear et al. 2017).

Ocean warming and its effect on phytoplankton

During the last three decades the surface temperature on Earth
has increased continuously and faster than any preceding pe-
riod since the beginning of the Industrial Revolution (Hansen
et al. 2006). IPCC estimates that surface ocean temperatures
will increase by about 1 °C (RCP2.6) to 3 °C (RCP8.5) by the
end of the century (IPCC 2014).

Enzymatic efficiency, photosynthetic carbon incorporation,
and other metabolic activity are controlled by the ambient tem-
peratures (Beardall and Raven 2004). The resulting growth rate
can be defined by thermal performance curves (TPC). These

curves show an initial increase with increasing temperatures up
to an optimum value and then a sharp decline towards the upper
limit of the permissive temperature window (Huey and
Stevenson 1979). Experimentally, TPCs are recorded by mea-
suring the response rate at 5–7 fixed temperatures and they can
be modeled mathematically (Boyd et al. 2013). These models
describe the optimal temperature, the width of the permissive
thermal window and the maximal rate of a response, or the
overall rate across all temperatures (Zhang et al. 2014).
However, the width or rates in TPCs are affected by other
environmental forcings such as CO2 levels and copper concen-
tration (Listmann et al. 2016; Leung et al. 2017).

The optimal growth rate temperatures varied from 30 to 35 °C
for four Skeletonema menselii and five Skeletonema ardens
strains (Table 1). The optimal growth temperature was very close
to the upper limit of a large temperature window in eight diatom
species isolated from temperate regions to theArctic (Suzuki and
Takahashi 1995). This optimal growth temperature is generally
higher than the ambient temperature where the organisms were
isolated. Kaeriyama et al. (2011) reported significant differences
between strains of seven Skeletonema species when measuring
growth rates at temperatures in the range from 10 to 40 °C.
Growth rates of 11 E. huxleyi strains were determined in the
range from 8 to 28 °C; each strain had a specific temperature
window and optimum related to their original niche (Zhang et al.
2014). Minimum growth temperature was closely related to the
biogeography of five coccolithophorid species when the growth
rate was studied in the range between 6 and 25 °C (Buitenhuis
et al. 2008). Growth at 15 °C and 26.3 °C, respectively, for
2.5 years, showed that the optimum growth temperature of
E. huxleyi isolated from Norwegian coastal waters was 0.7 °C
higher for the strain grown at 26.3 °C than that grown at 15 °C
(Listmann et al. 2016). The maximum permissive temperature
was 1 to 3 °C higher in the strain grown at the elevated
temperature.

In summary, these results indicate that differences in opti-
mum temperature, maximum value, and width of the thermal
window for growth rates may be due to species or strain char-
acteristics, different provenance as well as different culture
conditions such as light intensity or dissolved inorganic mac-
ronutrient concentrations (Boyd et al. 2013). These studies
showed that phytoplankton species isolated from temperate
or polar waters usually have a lower optimal temperature
and a broader permissive temperature window than those iso-
lated from tropical waters. Phytoplankton isolated from cool
waters has usually optimum growth temperatures which are
much higher than the ambient temperature at their growth
habitat while those from warm waters reveal optima close to
the ambient water temperature (Thomas et al. 2012).

Ocean warming is most significant in polar regions
(Hansen et al. 2006), and changes in temperature could direct-
ly affect local microzooplankton species composition,
abundances, and growth efficiencies. Rose et al. (2009)
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observed that microzooplankton abundance increased by 43%
in a Ross Sea plankton community incubated for 1 week at
4 °C above the local ambient temperature. In addition, in a
mesocosm experiment, warming showed a larger positive ef-
fect on heterotrophic processes than on the phototrophic pro-
cess, implying less energy and material transfer to higher
trophic levels. Edward and Richardson (2004) reported that
ocean warming has shifted the seasonal cycles of growth and
reproduction of some copepods to earlier in the year, which
cause a loss of the trophic transfer of primary productivity to
higher trophic levels.

Although temperature has a strong influence on phytoplank-
ton community composition, it is unlikely to drive competitive
selection of HAB species over non-HAB species alone (van
Wells et al. 2015). Increased temperature decreased growth rates
of the diatom Cylindrotheca closterium, but increased the bio-
mass of small chlorophytes in a reef lagoon in the Mexican
Caribbean (Halac et al. 2013). Groetsch et al. (2016) showed
that nutrient reduction led to decreasing spring bloom intensity
in the Baltic Sea during 2000–2014, while increased levels of
water temperature, solar radiation, and reduced wind speed were
associated with a lengthening bloom period. Mapping of dia-
toms, dinoflagellates, and copepods in the NE Atlantic and
North Sea from 1954 to 2013 showed that dinoflagellates and
copepods migrated fast poleward, which tended to track the rate
of isotherm movement, while the range of the diatoms changed
slowly (Chivers et al. 2017). This result has major implications
for the biological assemblages. Using satellite-monitored chloro-
phyll a (Chl a) imaging during 1998–2014, Marchese
et al.(2017) showed that phytoplankton blooms lasted longer
under conditions of the protracted open water period in North
Water polynya, whereas during years with a persistent ice cover,
blooms were of shorter duration. The decline in Chl a could be
related to large-scale changes in the Arctic Ocean such as in-
creased surface temperature and freshwater content (Marchese
et al. 2017). Satellite records have shown long-term decreases in
globally integrated marine phytoplankton biomass and primary
production linked to global warming (Siegel et al. 2013). This
was also confirmed by current observations and century-long in
situ monitoring of water transparency (Boyce et al. 2010) and
coupled to carbon-climate models (Steinacher et al. 2010).
Different results from different regions and over different time
scales as well as controversial interpretations of satellite obser-
vations indicate uncertainties on predicted responses of marine
phytoplankton community composition to ocean warming
(Chavez et al. 2011; Siegel et al. 2013; Henson et al. 2016).

Effects of UV radiation on phytoplankton
productivity

Anthropogenically produced and emitted chlorinated fluoro-
carbons (CFCs) and chlorinated organic compounds have

been reported to catalytically destroy ozone in the stratosphere
since the 1970s (Staehelin et al. 2001). As a consequence,
developments of the Antarctica and the Arctic ozone holes
resulted in increasing UV-B irradiances on the ground
(Stolarski 1988; Manney et al. 2011). Also, at mid-latitudes,
ozone depletion and resulting higher UV-B levels were found
while the originally high UV-B levels in the tropics did not
increase further (Bais et al. 2015). Due to the enforcement of
the Montreal Protocol and its amendments, the concentrations
of most of the human being-made chemicals that led to ozone
depletion are declining. However, the ozone layer has not yet
recovered due to the long lifetimes of the ozone-depleting
substances on the order of many decades (Hoffmann et al.
2014) and consequentially the elevated UV-B levels are pre-
dicted to only slowly decrease (Bais et al. 2015). Nevertheless,
stratospheric cooling and the possible strengthening of the
Brewer-Dobson circulation (BDC) among other factors may
even result in a super-recovery of Antarctic ozone layer
around mid-century (Solomon et al. 2016). This is because
strengthened BDC would result in a faster removal of CFCs
from the atmosphere and lead to a redistribution of ozone in
the lower stratosphere from the tropics to the mid-latitudes
which reduces column ozone in the tropics and increases it
in mid-latitudes (Rind et al. 1990). On the other hand, cell
exposures to solar UV-B radiation are suggested to increase
due to enhanced stratification of the upper mixed layer (UML)
in the oceans (Gao et al. 2012b), which is associated with
global warming. Thinner UML exposes phytoplankton dwell-
ing in this layer to higher levels of visible and UVradiation. At
the same time, increased stratification hinders the transport of
nutrients from deeper waters through the thermocline into the
UML, negatively affecting phytoplankton growth and produc-
tivity (Boyce et al. 2010). Therefore, increased attention
should be given to the UV-B exposure and other environmen-
tal global change drivers such as dissolved inorganic macro-
nutrient (Häder and Gao 2015; Häder et al. 2015).

Particulate organic matter (POM) and chromophoric dis-
solved organic matter (CDOM) are mainly responsible for
the attenuation of PAR in estuary and coastal ecosystems
(Steinberg et al. 2004). Dissolved organic carbon (DOC) and
particulate organic carbon (POC) are the main absorbers of
UV-A and UV-B, respectively. Open ocean waters have a
higher transparency and the attenuation mainly depends on
the low biomass density and their degradation products as well
as the excretion of inorganic and organic matter of zooplank-
ton (Steinberg et al. 2004).

The photic zone is defined by the penetration (depth of 1%
surface level) of visible radiation into water columns.
Depending on the load of dissolved and particulate matter,
penetration of PAR varies greatly between marine ecosystems,
e.g., in the Atlantic, UV-B (310 nm) can reach 30 m, UV-A
(380 nm) 100 m, blue light (450–500 nm) over 190 m, and
other visible light wavelengths (600–700 nm) 20 m (Piazena
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et al. 2002). In open ocean waters of the South China Sea, the
visible light can penetrate > 80m, UV-A 50m and UV-B 38m
which accounts for 62 and 47% of the depth of the euphotic
zone, respectively (Li et al. 2009). Coastal waters are charac-
terized by high concentrations of absorbing substances, e.g.,
off the coast of Shantou, visible light penetrates less than 10m
into the waters adjacent to an aquaculture area; UV-A and UV-
B transmit less than 5 and 3 m, respectively, accounting for 50
and 30% of the depth of the euphotic zone (Gao et al. 2007; Li
and Gao 2012).

Global climate change will have an impact on the UV trans-
mission in the oceans (United Nations Environment
Programme Environmental Effects Assessment Panel 2017).
Increasing temperatures will augment bacterial decay and
photodegradation of CDOM and thus increase the penetration
of UV into the water column (Hansell and Carlson 2014).
However, vertical mixing of phytoplankton above the thermo-
cline due to wind andwaves results in variable exposure to PAR
(Gargett and Marra 2002; Neale et al. 2003). Characteristics of
photoacclimation are a reduction in pigment content and effec-
tive photochemical quantum yield (F 0

v=F
0
m ) (Geider et al. 1997;

Gao et al. 2012b). It was shown that the photoacclimation re-
sponse is an important component of temporal Chl variability
across the global ocean, and light-driven decrease in Chl can be
associatedwith an increased surface layer photosynthesis due to
shallowing of the UML (Behrenfeld et al. 2016). UV-B irradi-
ances at the Earth surface change with latitude, total column
ozone, and attenuation in the atmosphere. This is further mod-
ulated by water attenuation and depth for aquatic organisms.
This variability needs to be taken into account when studying
the effects of UV-B radiation in the natural environment (see
reviews by Häder and Gao 2015; Häder et al. 2015).

One of the targets of UV-B radiation is the DNA in phyto-
plankton (Häder and Gao 2015; Meador et al. 2009), and this
radiation also inhibits the repair of the damage (Rastogi et al.
2014). In addition to many other direct damages, UV can
induce free oxygen radicals which inflict oxidative stress to
the cells (Häder and Gao 2015). This can affect photosynthetic
pigments and decrease biomass production and growth. For
example, enhanced UV exposures decreased growth rates of
diatoms while increased growth rates of cryptophytes in the
Ria Formosa coastal lagoon, southern coast of Portugal
(Domingues et al. 2017). UV-B accounts for less than 1% of
the total PAR at the Earth surface, while UV-A accounts for
about 6–8%. However, in most cases, UV-B inflicts much
stronger damage than radiation at longer wavelengths. The
damage by PAR is dependent of the previous light history of
communities (Häder et al. 2014), and the mixing velocity
(Villafañe et al. 2007). PAR is an indispensable prerequisite
for photosynthesis, but at the same time the organisms are
exposed to detrimental UV. Because of the constant exposure
to UVR, phytoplankton have developed mechanisms to miti-
gate UV-inflicted damage during their long evolution. UV-

mitigating strategies include the production of UV-screening
compounds such as scytonemin and mycosporine-like amino
acids (MAAs), vertical migration, and crust formation
(Moisan et al. 2009). In addition, free radicals are being re-
moved by several mechanisms such as enzymatic and non-
enzymatic quenching of reactive oxygen species (ROS)
(Häder et al. 2015; Richa et al. 2016). These mitigating strat-
egies can differ in different species; therefore, UV radiation is
an important driver for species competition (Zhang et al.
2013).

In the surface layer, phytoplankton are exposed to exces-
sive visible and UV radiation which decreases productivity
(Häder et al. 2015), but at low irradiances, e.g., on cloudy
days, UV-A radiation may even contribute to photosynthetic
carbon fixation in marine phytoplankton (Fig. 3a) (Gao et al.
2007). This was confirmed by experiments with a diatom-
dominated phytoplankton community in which visible light
was filtered out: photosynthetic carbon fixation increased with
increasing UV-A irradiances. In contrast, the presence of UV-
B reduced carbon incorporation (Fig. 3b). Large-celled phy-
toplankton species are better equipped to utilize UV-A for
photosynthetic carbon fixation than smaller ones (Li et al.

Fig. 3 a Photosynthetic carbon fixation rates of phytoplankton
assemblages under PAR + UV-A + UV-B or PAR + UV-A as compared
to those under only PAR in different weather conditions (a). b The carbon
fixation rate of coastal phytoplankton assemblages of the South China
Sea exposed to solar UVR (280–400 nm, black symbols) or UV-A (320–
400 nm, white symbols). The solid and dashed lines represent a linear fit
of the data (p < 0.0001), while the dotted lines are the 95% confidence
limit (Gao et al. 2007)
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2011; Li and Gao 2013). UVR also affects nutrient uptake in
phytoplankton. Under phosphate-sufficient condition in La
Caldera, Sierra Nevada, Spain, UVR increased the uptake of
phosphate or stimulated the activity of alkaline phosphatase of
phytoplankton, which resulted in low C/P ratio and decrease
in Chl a concentration (Villar-Argaiz et al. 2017). Under five
different N/P ratios, Guan and Li (2017) showed that the
Redfield ratio of 16:1 is optimal for the growth and photo-
phosphorylation of the dinoflagellate Karenia mikimotoi.

Combined effects of ecological stress factors

Phytoplankton in the oceanic UML is exposed to the pressure
of environmental stress factors such as increasing OA, rising
temperatures, and enhanced exposures to UVR.While there is
a large body of publications on the individual effects of these
environmental drivers, it is difficult to predict the trends in
biological carbon fixation and the efficiency of the biological
pump due to the lack of data related to effects of multiple
global change drivers (Beardall et al. 2014; Riebesell and
Gattuso 2015).

The photosynthetic apparatus of phytoplankton reacts to
excessive UVR within a short time on the order of minutes.
The combined effects of OA and UVR (280–400 nm) signif-
icantly reduce the photochemical efficiency (Y’) of photosys-
tem II (PSII) in the diatom Cylindrotheca closterium f.
minutissima grown at 1000 μatm CO2 under PAR (Wu et al.
2012). Even after an acclimation to these conditions for 9 days,
the coupled stress of OA and UV significantly decreased the
electron transport rate; however, there was no significant dif-
ference in growth. Phaeocystis globosa grown at 1000 μatm
CO2 (with adjusted pH) under PAR showed a negative corre-
lation of the photochemical efficiency with the irradiance of
PAR (with the lowest values at noon), and there was a cou-
pling effect of UV and OA on the photochemical efficiency
(Chen and Gao 2011). This species increased its photochem-
ical efficiency and decreased its non-photochemical
quenching (NPQ) on cloudy days under OA, but on sunny
days OA did not affect the Y’ significantly with increased
NPQ (Chen and Gao 2011). Under fluctuating PAR, OA
counteracted the increase in photosynthetic carbon fixation
caused by UV-A and the inhibition by UV-B decreased (Jin
et al. 2013). At low PAR, combined OA and UVR treatments
decreased the POC production rate in E. huxleyi, while at
higher irradiances the combined stress factors increased the
POC production rate (Xu and Gao 2015). Increased levels of
PAR counteracted the negative effects of OA on calcification
of E. huxleyi (Jin et al. 2017). In addition, OAwas reported to
counteract the negative effects of UVR on diatoms. It was
suggested that inconsistencies in phytoplankton responses to
OA and UVR may be related to factors such as high degree of
inter- and even intraspecific variability, different levels of pre-

acclimation to experimental conditions, and different initial
algal assemblages (Domingues et al. 2017).

OA and UVR have a synergistic negative effect on calcare-
ous algae. OA decreases the calcification in coccolithophorids
and coralline algae and thins the protective calcified layer. As a
result, the increased UVR transmission worsens the damage
inflicted by UVR and impairs their cellular functions (Gao
et al. 2009; Gao and Zheng 2010; Xu et al. 2014) (Fig. 4).
Coralline algae enhanced production of UV-screening pigments
(mainly MAAs) when exposed to UVR with flow-through sea-
water (Gao and Zheng 2010).

Combined effects of OA and warming are usually studied
with two levels of each variable tested. Using 20 and 24 °C as
well as 385 and 750 μatm indicated that OA and warming
synergistically augmented growth rates in eight Skeletonema
marinoi strains isolated from the North Sea (Kremp et al.
2012). But in similar experiments with eight S. marinoi strains
from the Adriatic Sea, neither OA nor warming or their com-
bination enhanced the growth rates. This may be due to the
large genetic diversity within the Adriatic Sea population.
Hyun et al. (2014) observed that rising temperature induced
different effects on growth rates of Skeletonema costatum,
Chaetoceros debilis, Thalassiosira nordenskioeldii, and
Chaetoceros didymus. Whereas, neither OA conditions alone
nor in combination with ocean warming significantly aug-
mented growth rates in these four species. In the
coccolithophore E. huxleyi growth rate decreased when the
temperature was raised from 15 to 26.3 °C, and the decrease
was larger at 1100 μatm than at 400 μatm (Schlüter et al.
2014). After adaptation to 26.3 °C for 1 year (460 asexual
generations), growth rates as well as POC and particular inor-
ganic carbon (PIC) production in the same species increased
by 20, 52, and 101%, respectively, when E. huxleyi was ex-
posed to 26.3 °C and 2200 μatm compared to the non-adapted
culture. Coccolithophores have developed a calcified exoskel-
eton as protection against grazing pressure, viral and bacterial
attack (Monteiro et al. 2016), and UVR (Gao et al. 2009).
Obviously, this energy-expensive strategy has been successful

Fig. 4 Synergistical negative effects of OA and UVon calcification. The
carbon fixation in calcified algae decreases when affected by OA. The
compounding effect of OA and UV further lowers the calcification (Gao
et al. 2009; Xu et al. 2014)
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as shown by their wide distribution and large biomass produc-
tion in the oceans. A recent study showed that increased tem-
peratures add to the negative effects of OA on E. huxleyimor-
phology (Milner et al. 2016).

In other phytoplankton groups and communities in Arctic
open waters, chlorophyll a concentration and primary produc-
tion decreased when the temperature was raised from 1 to 6 or
10 °C in laboratory cultures (Coello-Camba et al. 2014). In
addition, OA slightly increased the primary production at 1
and 6 °C. At 1 °C, the phytoplankton communities were dom-
inated by large centric diatoms (11 μm in diameter), and the
communities successively became dominated by small phyto-
plankton (4-μm centric diatoms and 5.9-μm flagellates) at
10 °C. In agreement with the results of Coello-Camba et al.
(2014), examination of in situ data revealed that at 1 and 6 °C,
rising CO2 concentration enhanced the gross primary produc-
tion of the Arctic Ocean (Barents-Greenland Sea/Fram Strait)
(Holding et al. 2015). Synergistic negative effects of UVR and
temperature were only detected at the species level in large
diatoms and in large cryptophytes in a reef lagoon (Halac et al.
2013). In a phytoplankton community in the Kiel Fjord, the
structure changed when the temperature was increased from
16.5 to 22.5 °C (Paul et al. 2016): zooplankton abundance
increased and consequently their food availability (phyto-
plankton species such as Teleaulax sp. Prorocentrum micans,
Heterocapsa triquetra, and Ditylum brightwellii) decreased.
At 16.5 °C but not at 22.5 °C, OA decreased the growth of
the copepod (Acartia sp.) nauplii population, implying a re-
duced top-down pressure on phytoplankton. In addition, inor-
ganic macronutrient limitation alters the effect of OA on phy-
toplankton (Li et al. 2012a; Verspagen et al. 2014). Nitrate
limitation and OA synergistically reduced the cell size and
food value (N/C ratio) in a diatom (Li et al. 2012a). Limiting
dissolved inorganic macronutrients reduce photosynthetic car-
bon fixation in phytoplankton under OA (Matthiessen et al.
2012).

Elevated levels of CO2 and temperature synergistically de-
crease the maximal growth rates and shifted optimal growth
temperatures of E. huxleyi towards lower levels over a broad
temperature range from 15 to 27 °C (Listmann et al. 2016).
Rising temperatures (from 15 to 25 °C) increased the maximal
growth, POC and PIC production and shifted the temperature
optimum for these physiological rates towards higher levels
over a wide range of CO2 concentrations (20–6000 μatm) in
E. huxleyi and G. oceanica (Schlüter et al. 2014; Sett et al.
2014). However, results from other studies confirmed that
effects of elevated CO2 concentration on physiological rates
were smaller at higher temperatures (De Bodt et al. 2010).

From these results, we derived a concept for the modulat-
ing effect of increasing CO2 on the thermal reaction depen-
dence (Fig. 5a) as well as the modulating effect of increasing
temperature on the CO2 response curve (Fig. 5b). At low
limiting CO2 levels, basically, low DIC concentrations control

photosynthetic carbon fixation and phytoplankton growth
rates, which increase very slowly with rising temperatures.
Therefore, the temperature optimum for physiological reac-
tions should not be clear at limiting low CO2 levels. In con-
trast, at inhibiting high CO2 concentration, the high H+ con-
centration in the water impairs physiological reactions and
even at low temperatures these can reach their maximum
(Fig. 5a). At low limiting temperatures, physiological param-
eters are basically controlled by the temperature; increased
CO2 concentrations may have little effect on the physiological
performances. Of course, there are exceptions: increased
availability of CO2 enhanced growth of a green tide alga to a
larger extent at lower temperature (Xu et al. unpublished data).
The synergistic negative effects of high temperature and ele-
vated H+ concentrations can be prevented by decreasing the
CO2 optima at inhibiting high temperatures (Fig. 5b).

Ocean warming can reduce the damaging effects of UVR
on phytoplankton. The UV-inflicted damage is not only miti-
gated by increased temperatures but also by dissolved inor-
ganic macronutrients (Doyle et al. 2005). At 6 °C and low
dissolved inorganic macronutrient concentrations, UVR
inhibited growth in the diatoms Fragilaria crotonensis and
Asterionella formosa, the dinoflagellate Gymnodinium sp.,
and the chrysophyte Dinobryon sp., but at 14 °C the negative
effect of UVR was mitigated. Phytoplankton assemblages
showed less UV-induced inhibition of photosynthetic carbon
fixation during summer than in winter periods (Wu et al.

Fig. 5 Concept for the modulation effect of increasing CO2 on the
thermal reaction dependence (a) as well as the modulating effect of
increasing temperature on the CO2 response curve (b). Conceptual
figure was based on the data of (Sett et al. 2014; Listmann et al. 2016)
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2010). One explanation for this surprising result might be that
elevated temperatures facilitated the repair of UV-induced thy-
mine dimers and the synthesis of UV-absorbing pigments such
as MAAs. Higher temperatures were reported to partially
counteract UV inhibition on the photochemical efficiency
(Y’) in Dunaliella salina, Isochrysis galbana, Chaetoceros
gracilis, and Thalassiosira weissflogii, but not in P. micans
(Halac et al. 2010; Halac et al. 2014). Also, in Gymnodinium
chlorophorum, the UV-inflicted inhibition of Y’ decreased
when the temperature was elevated from 15 °C to 20 °C, but
it increased again when the temperature was raised to 25 °C,
showing that the response followed an optimum curve (Häder
et al. 2014). Garcia-Corral et al. (2015) also reported that a
temperature increase by 3 °C worsened the negative effect of
UV-B on net community production measured as oxygen ex-
change isolated from the Mediterranean Sea. However, it
could not be determined whether productivity decreased with
UV-B and temperature due to a decline in gross primary pro-
duction or to an increase in community respiration.
Photosynthetic carbon fixation and calcification rates

decreased when E. huxleyiwas exposed to UVR but increased
at elevated temperatures in the presence of high calcium con-
centrations (Xu et al. 2011): carbon fixation and calcification
rates were higher at 25 °C than at 20 °C at all UV exposure
conditions.

There are only a few short-term studies which investigated
the combined effects of OA, increasing temperatures, and
UVR on phytoplankton (Tong et al. 2017). In a diatom,
growth at the elevated CO2 concentration (1000 μatm) in-
creased its non-photochemical quenching (NPQ) and partially
counteracted the harm to PSII caused by UV-A and UV-B.
Such an effect was less pronounced under increased tempera-
ture levels. The ratio of repair to UV-B-induced damage de-
creased with increased NPQ, reflecting induction of NPQ
when repair dropped below the damage (Li et al. 2012b). In
addition, the ratio of repair to damage increased with increas-
ing CO2 and temperatures (Fig. 6a). Consequently, these fac-
tors may interact synergistically and antagonistically to alter
physiological responses to that of an individual stressor. This
is dependent on the level of each factor and rising temperature
or CO2maymitigate the negative effect of UVR (Fig. 6b). Our
knowledge on how multiple stressors, such as UVR, OA, and
ocean warming, might interact under different climate scenar-
io or in different regions is still limited due to a lack of under-
standing of the mechanisms of combined effects of CO2, tem-
perature, and UVR. Increased CO2 and temperature synergis-
tically positively diminish the UV-induced inhibition and
thereby augment the photosynthetic carbon fixation, e.g., in
Phaeodactylum tricornutum (Li et al. 2012b); however, in-
creasing CO2 concentrations or rising temperature may inter-
act antagonistically or neutrally with UVR (Xu and Gao
2015).

Conclusion and perspectives

Individual effect of OA, OW, or UVR on physiological pro-
cesses of phytoplankton has been studied in many species, but
mainly under controlled laboratory conditions. Elevated tem-
peratures have been reported to augment phytoplankton pro-
ductivity because of elevated physiological reactions as well
as increased enzymatic repair mechanisms. But increased tem-
peratures may exceed the thermal window of some phyto-
plankton species and shift their habitats to higher latitudes.
In some organisms, increasing CO2 concentrationwere report-
ed to enhance photosynthesis, but others with efficient carbon
concentration mechanisms may be hardly affected by in-
creased CO2 concentration. Still higher CO2 concentrations
result in OA interfering with the incrustation of carbonate
and other physiological responses. Increased exposure to
UV-B radiation has been reported to be deleterious to most
aquatic primary producers but this can be mitigated by higher

Fig. 6 Upper panel: OA and rising temperature increases the ratio of
repair to damage induced by UV-A and UVR (UV-A + UV-B), suggest-
ing OA and rising temperature mitigate the negative effect of UV-A and
UV-B on physiological rates such as effective photochemical quantum
yield (Y′). Lower panel: conception for the effect of rising CO2 on the
thermal reaction dependence under UVR. Rising CO2 mitigate the UVR-
induced damage and may increase the optimum temperature and maxi-
mum physiological rates such as carbon fixation and Y′ under UVR. LC
indicates phytoplankton grew at 390 μatm CO2, and HC indicates phy-
toplankton grew at 1000 μatm CO2 (Li et al. 2012b)

754 J Appl Phycol (2018) 30:743–759



temperatures (increased enzymatic repair) and sufficient dis-
solved inorganic macronutrient supply.

Studying the interactive effects of these stress factors has
resulted in some unexpected and puzzling results. Further
analysis has revealed that the reactions to the individual envi-
ronmental factors follow specific optimum response curves
such as for temperature and CO2 concentration. In contrast,
UVR results in damage which becomes worse with increasing
irradiances.

Ocean warming and OA may result in synergistic, neutral,
or antagonistic effects on physiological parameters. The result
obtained at a higher temperature and low CO2 might be equal
to or higher than that under OA and lower temperature. In
addition, the OA enhancement is usually higher at lower tem-
perature. In some experiments, effects observed at a higher
temperature and higher CO2 could be lower than that under
higher temperature and low CO2. In addition, inhibition or
enhancement by OA on physiological parameters should be
altered by changes in temperature. Therefore, it is necessary to
compare the thermal windows under OAwith non-OA condi-
tions. This is also true for investigating the combined effects
of temperature and UVR.

It is mandatory to understand the molecular and biochem-
ical mechanisms of individual and combined effects of these
quickly changing environmental stress factors in order to es-
tablish a reliable concept to understand responses of marine
primary producers in different habitats. While it is technically
challenging to investigate the responses of phytoplankton to
natural stress factors such as OA, ocean warming, or UVR,
investigating the effects of fluctuating multiple stress factors
will require further studies. The outcome of these investiga-
tions is fundamental to comprehend the biogeochemical cy-
cles in marine ecosystems and the carbon storage capacity of
the oceans.

In both open oceans and coastal waters, OA and increasing
temperatures are environmental stress factors of growing im-
portance. Marine organisms and ecosystems are exposed to
multifactorial stresses resulting from various effects of climate
change; however, different regions are affected to different
extents. For this reason, the effects of OA, OW, and exposure
to higher UVR on phytoplankton productivity and community
composition need to be studied under different natural and
realistic scenarios. Clearly, responses of physiological rates
of community composition to OA, OW, and UVR are differ-
ent from that of single species. Thus, it would be preferential
to study the response of phytoplankton community composi-
tion to multi-environmental factors such as OA, OW, UVR,
dissolved inorganic macronutrients, Fe, rainfall, snow cover,
alteration in upwelling patterns, and vitamin B12, but the vast
regions of oceanic ecosystems and the experimental intrica-
cies usually limit a thorough investigation under natural con-
ditions with fluctuating or changing abiotic factors. At least
these studies on phytoplankton should be carried out under

natural conditions rather than under controlled laboratory con-
ditions. In addition, experimental designs to study the effects
of multiple stressors are complicated and need to be well
planned and performed. If a combination of several factors
becomes logistically difficult to perform, sequential addition
of stressors might be an option (Xing et al. 2015). In addition,
experimental designs should reflect climate change effects on
both bottom-up and top-down phytoplankton controls and
consider how to evaluate phytoplankton adaptive strategies
to climate change variables (Lohbeck et al. 2012; Schlüter
et al. 2014; Gaitán-Espitia et al. 2017).
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