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Open oceans
The oceans play a key role in biogeochemical processes on Earth. By means of photosynthesis, 
phytoplankton are responsible for almost half of the total global net primary production 
(Field et al. 1998). This does not only provide the basis for the marine food web, but also 
has a strong impact on carbon sequestering in the ocean’s interior (Falkowski et al. 1998). 
The open oceans are especially important, because oligotrophic and mesotrophic regions 
(<0.1 and 0.1-1 mg Chl-a m-3 near the surface, respectively) (Figure 1.1) account for 80% 
of the total net primary production of the oceans (Field et al. 1998). Despite the species 
richness of marine phytoplankton, individual species may contribute disproportionately to 
biogeochemical processes in the open oceans (Dugdale & Wilkerson 1998, Falkowski et 
al. 1998, Riebesell et al. 2000). It therefore appears that the taxonomic composition of the 
phytoplankton community is important for the efficiency of primary production, as well as 
the transfer of organic matter to higher trophic levels and the export of organic carbon to the 
ocean’s interior (Kiørboe 1993, Uitz et al. 2008, Guidi et al. 2009).

Phytoplankton communities in open oceans
The phytoplankton biomass observed in temperate to warm-temperate oceanic regions is 
relatively low, especially in the central gyres of the Atlantic Ocean, Pacific Ocean, and 
Indian Ocean (Figure 1.1). In these regions, the phytoplankton community is dominated by 
small phytoplankton species with cell sizes up to 10 µm (Li et al. 1983, Lindell & Post 
1995, Feng et al. 2009). The prokaryotic picophytoplankton species Prochlorococcus spp. 
and Synechococcus spp. (Cyanophyceae) are numerically described as the most abundant 
phytoplankton genera in open oceans (Li 1994, DuRand et al. 2001, Johnson et al. 2006). 
Related to their small cell size (<1 µm), these prokaryotic phytoplankton species have a high 
nutrient affinity and low nutrient demand, making them specialized to grow at the low nutrient 
concentrations found in oligotrophic regions of the open oceans (Raven 1986, Chisholm 
1992, Bertilsson et al. 2003). The success of Prochlorococcus spp. and Synechococcus 
spp. is often ascribed to the occurrence of several ecotypes of a single species throughout 
the water column (Moore et al. 1998, Johnson et al. 2006, Fuller et al. 2003). As a result, 
the contribution of Prochlorococcus spp. and Synechococcus spp. to the total community 
production can reach up to 57% in oligotrophic regions (Li 1994, Vaulot et al. 1995). The 
geographic distribution of Prochlorococcus spp. and Synechococcus spp. is determined by 
genetically defined low temperature tolerances (Moore et al. 1995, Johnson et al. 2006, Zinser 
et al. 2007). For example, the abundance of Prochlorococcus spp. is highest in waters with 
temperatures above 17 °C (Partensky et al. 1999, Johnson et al. 2006), whereas the abundance 
of Synechococcus spp. shows a strong positive relationship with water temperatures above 
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14 °C (Agawin et al. 1998, Li 1998, Moisan et al. 2010). This approximately corresponds to 
a global distribution from 40° S to 40° N for Prochlorococcus spp. and a somewhat broader 
distribution from 50° S to 70° N for Synechococcus spp. (Chisholm et al. 1988, Partensky et 
al. 1999, Zubkov et al. 2000). 

Another important group of the phytoplankton community in open oceans is the 
eukaryotic pico- and nanophytoplankton (cell sizes <2 µm and <10 µm, respectively) (Li 
1994, DuRand et al. 2001). This group contains a wide variety of phytoplankton species, 
including the prasinophyte Ostreococcus, the prymnesiophyte Emiliania huxleyi, and 
different diatom species (Simon et al. 1994, Moon-Van der Staay et al. 2000, Demir-Hilton et 
al. 2011). Eukaryotic pico- and nanophytoplankton species are often numerically regarded as 
less abundant in the open oceans, but have a broad geographic distribution from pole to pole 
(Campbell & Vaulot 1993, Veldhuis et al. 2005). Moreover, the biomass and primary production 
of these phytoplankton species can be significantly higher compared with Prochlorococcus 
spp. and Synechococcus spp., reaching up to 70-80% of a specific community production (Li 
1994, Worden et al. 2004). This is especially evident in mesotrophic regions, where nutrient 
concentrations are generally higher compared with oligotrophic regions (Partensky et al. 
1996, Worden et al. 2004). The actual contribution to community primary production and 

Figure 1.1 Global distribution of phytoplankton biomass. Phytoplankton biomass is presented as the mean 
annual chlorophyll a concentration derived from remotely sensed fluorescence signals from July 2002 to January 
2013. Oligotrophic regions are low in phytoplankton biomass and nutrient availability and are defined as regions with 
<0.1 mg Chl-a  m-3. Mesotrophic regions are somewhat higher in phytoplankton biomass and nutrient availability and 
are defined as regions with 0.1-1 mg Chl-a m-3. Depending on long-term climatological variations, the permanently 
stratified ocean is found approximately between 40-45° N and 40-45° S. Data was obtained from NASA (http://
oceancolor.gsfc.nasa.gov/cgi/l3).
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the competitive success of a specific phytoplankton species depends on different factors, 
including the response to the (dynamic) irradiance and nutrient conditions encountered in the 
water column.

Water column conditions

Stratification

The water column conditions that phytoplankton encounter in open oceans can be highly 
variable due to physical processes in the ocean. One of the most important processes involved 
in mixing of the water column is stratification (Brainerd & Gregg 1993). During stratification, 
the water column is separated in different layers by differences in density between these layers. 
In open oceans, the onset of stratification is induced by the establishment of a thermocline. 
The thermocline separates warm waters near the surface from that of cooler waters at depth 
(Figure 1.2). In the upper mixed layer, wind-induced mixing may occur, whereas in the lower 
layer, conditions are generally more stable. Stratification can vary on spatial and temporal 
time scales, with oceanic regions being permanently or seasonally stratified (Brainerd 
& Gregg 1993, Polovina et al. 2008). In permanently stratified regions, the depth of the 
thermocline may vary between 30 and 100 m (Jurado et al. 2012b). In seasonally stratified 
regions, a relatively deep thermocline (<250 m) may be present throughout the year and an 
additional shallow and temporary thermocline, comparable to that of permanently stratified 
regions, may be present during warmer seasons (Barnes & Hughes 1999, Bopp et al. 2001, 
Jurado et al. 2012b). 

Irradiance

Because irradiance is essential for photosynthesis, the euphotic zone determines where 
phytoplankton primary production can occur throughout the water column. The euphotic zone 
is defined by the depth above which 0.1% of the surface irradiance is available. The incident 
irradiance that reaches the surface of oceanic regions depends on the solar elevation and the 
optical properties of the atmosphere, such as the absorption and scattering of irradiance by 
aerosols, clouds, and other molecules (Iqbal 1983, Kirk 1994). When the incident irradiance 
reaches the surface, the attenuation of irradiance through the water column determines the 
extent of the euphotic zone. The irradiance intensity is exponentially attenuated with depth 
by the scattering and absorption of suspended particles, such as dead organic material and 
phytoplankton pigments, and by the absorption of dissolved (organic) substances (Jerlov 
1976). In addition, the irradiance spectrum changes with depth. For example, the absorption of 
long wavelengths by water molecules leads to a strong attenuation of the red band of the solar 



11Introduction

spectrum in surface waters, whereas the blue wavelength band reaches deeper into the water 
column (Kirk 1994). Generally, the scattering and/or absorption of irradiance by particles 
and dissolved substances are low in the open oceans. This means that both photosynthetically 
active radiation (PAR, 400-700 nm) as well as ultraviolet radiation (UVR, 280-400 nm) can 
penetrate deep into the water column and the euphotic zone can reach up to 120 m depth in 
oceanic regions (Round 1981, Boelen et al. 1999, Stambler 2006) (Figure 1.2).

The irradiance climate that phytoplankton experience is not only defined by the 
incident irradiance and the attenuation through the water column, but also by the wind-induced 
mixing of phytoplankton throughout the euphotic zone. The depth of the wind-induced 
transport of phytoplankton (vertical mixing) is determined by the degree of stratification of 
the water column (Brainerd & Gregg 1993, Kirk 1994). In permanently stratified regions, 
phytoplankton can be trapped in the shallow upper mixed layer (UML) above the thermocline, 
thereby enhancing exposure to (dynamic) PAR and UVR. In contrast, phytoplankton can 
experience limiting irradiance conditions at the deep chlorophyll maximum (DCM) below 
the thermocline (Figure 1.2). In seasonally stratified regions, the period of stratification is 
interchanged with periods of deep convective mixing that can reach below the euphotic zone, 
thereby strongly reducing the average irradiance intensity phytoplankton experience.  

Figure 1.2 The temperature, nutrient concentration (NO3), and phytoplankton biomass throughout the water 
column during stratification in open oceans. (a) Stratification is induced by density and temperature differences 
in the water column. (b) This prevents mixing of the surface layer with deeper waters and causes low nutrient 
concentrations near the surface. In addition, stratification leads to highly dynamic irradiance conditions in the upper 
mixed layer above the thermocline and relatively low, stable irradiance conditions below the thermocline. (c) As 
a consequence of irradiance and nutrient conditions throughout the water column, phytoplankton accumulate in a 
(deep) chlorophyll maximum during stratification. Data was collected in the North Atlantic Ocean during Stratiphyt-I 
(station 5; 07/20/2009; 34.72° N, -14.26° E).
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Nutrients

In addition to irradiance, phytoplankton need nutrients for photosynthesis and growth. Two 
of the most important macronutrients are nitrogen and phosphorus. Nitrogen is primarily 
needed for the synthesis of proteins, including those associated with photosynthesis, whereas 
phosphorus is used in nucleic acids, phospholipids, and the energy cycle of the cell (Geider 
& La Roche 2002). Similar to irradiance conditions, nutrient availability in the open ocean 
is influenced by physical processes. The supply of inorganic nutrients from deeper layers 
into the euphotic zone is severely reduced by stratification (Olson et al. 1990, Dore & Karl 
1996). Consequently, phytoplankton growth becomes limited by low nutrient availability in 
the upper mixed layer (Figure 1.3). Nitrogen is considered the main limiting macronutrient in 
open oceans (Graziano et al. 1996, Davey et al. 2008), but on different spatial and temporal 
time scales, phosphorus may also act as the limiting macronutrient (Karl et al. 1997, Wu et 
al. 2000, Cavender-Bares et al. 2001). Remineralization of nutrients within the microbial 
loop can lead to (organic) nutrient supply into the euphotic zone, thereby supporting growth 
of pico- and nanophytoplankton (Azam et al. 1983, Taylor & Joint 1990, Bouman et al. 
2006). Typically, a deep chlorophyll maximum is established below the thermocline, where 
both irradiance and nutrient conditions are sufficient to support growth of small oceanic 
phytoplankton species (Figure 1.3). In seasonally stratified regions, deep convective mixing 
during the colder seasons will supply new nutrients into the surface layer of the water column 
(Lindell & Post 1995, Sarmiento et al. 2004, Behrenfeld et al. 2006). As a result, nutrients 
are uniformly mixed throughout the water column and the relatively high concentrations may 
support growth of larger phytoplankton species.

Global climate change

It is expected that climate change will mediate a rise in seawater temperature by 1.5-4.5 °C 
over the next century (Houghton et al. 1995). Because temperature controls the geographic 
distribution of many oceanic phytoplankton species, a rise in seawater temperature may 
have a direct effect on the community structure (Thomas et al. 2012). In addition, a rise in 
seawater temperature will lead to major changes in physical processes throughout the world’s 
oceans. It is expected that an increase in seawater temperature as well as changes in wind 
fields (Sarmiento et al. 1998) will affect the onset and break-up of stratification in temperate 
and warm-temperate oceanic regions (Boyd & Doney 2002, Behrenfeld et al. 2006, Polovina 
et al. 2008). This will lead to an expansion of the permanently stratified regions and to 
the shallowing of the upper mixed layer in large areas of the open oceans (Polovina et al. 
2008, Boyd & Doney 2002). The subsequent modifications in mixed layer dynamics will 
reduce nutrient availability and alter the intensity, spectral composition, and dynamics of 
phytoplankton irradiance exposure near the surface of the open oceans (Bopp et al. 2001, 



13Introduction

Boyd & Doney 2002, Behrenfeld et al. 2006, Polovina et al. 2008). It is thought that these 
changes in water column conditions will lead to a decrease in primary production, especially 
in the permanently stratified regions of the open oceans (Bopp et al. 2001, Behrenfeld et 
al. 2006). This may be related to the physiological state and the taxonomic composition of 
the phytoplankton community (Bopp et al. 2001, Behrenfeld et al. 2005, Behrenfeld et al. 
2006). Because phytoplankton productivity provides the basis of open ocean ecosystems and 
a feedback for anthropogenic carbon emissions, it is important to understand how a rise in 
seawater temperature affects phytoplankton performance and community composition. 

Phytoplankton response to irradiance

Photosynthesis

The response of phytoplankton to varying water column conditions is closely related to 
photosynthesis. To maintain high primary production and growth rates, phytoplankton 
must balance the light and dark reactions of photosynthesis. In the light reactions of 
photosynthesis, light energy is captured and electrons are passed along different carriers to 
form the energy storage molecules ATP and NADPH (see Figure 1.3 for details). In the dark 
reactions, the chemical energy created during the light reactions is used to convert CO2 into 
carbohydrates in the Calvin-Benson cycle. Photosynthetic components that are involved in 
the light reactions are embedded in the thylakoid membrane and include photosystem II 
(PSII), the cytochrome b6f complex, photosystem I (PSI), and the ATP-synthase complex. 
The dark reactions occur in the stroma and different enzymes, including ribulose-1,5-
biphosphate carboxylase oxygenase (Rubisco), are involved in the reactions of the Calvin-
Benson cycle (Kirk 1994, Raven & Johnson 2002). Although the photosynthetic components 
are present in all phytoplankton species, genotypic and phenotypic variation in the structure 
and/or abundance of these components may determine the (photo)physiological response of 
phytoplankton to (dynamic) irradiance conditions encountered in the water column. 

Photoregulation

The photophysiology of phytoplankton can vary on time scales of seconds to days and 
depends on the regulation and acclimation of photosynthetic processes and photosynthetically 
important cell components (Falkowski & La Roche 1991). This is essential, because high 
irradiance exposure may have considerable effects on photosynthesis and viability in 
oceanic picophytoplankton species such as Prochlorococcus spp., Synechococcus spp., and 
Ostreococcus spp. (Agustí & Llabrés 2007, Six et al. 2007a, Six et al. 2009). When residing near 
the surface, phytoplankton can experience irradiance intensities that exceed photosynthetic 
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Figure 1.3 The light reactions of photosynthesis. (a) During linear electron transport, light energy is captured 
by pigment-protein complexes (LHCII) in photosystem II (PSII) and transferred to the reaction center protein P680. 
When P680 acquires sufficient excitation energy it loses electrons to a phaeophytin molecule (Phaeo) and the two 
electron acceptors plastoquinone QA and QB are reduced. Electrons are transferred from the plastoquinone pool (PQ) 
to photosystem I (PSI) by the subsequent reduction of the cytochrome b6f complex (Cyt b6f) and plastocyanin (PC). 
The electron transport chain between photosystem II and I leads to the formation of a protein (H+) gradient along the 
thylakoid membrane that provides energy for the synthesis of ATP by the ATP-synthase complex. In photosystem 
I, harvested light energy excites the reaction center protein P700, which loses electrons to the electron acceptor A0. 
The energy is then transferred to membrane bound iron-sulfur proteins and ferrodoxin (Fd) to NADP reductase 
(FNR) and consequently NADPH is formed. The production of NADPH leaves the photosystems with a deficit of 
electrons. Therefore, the oxidized reaction center of photosystem I is restored to its original state by an electron 
from plastocyanin, whereas photosystem II is reduced by the oxidation of water, simultaneously releasing O2. (b) In 
addition to linear electron transport (blue), non-linear electron transport (pink) may occur during the light reactions 
of photosynthesis. Electrons passed through photosystem II may be donated from the plastoquinone pool to a plastid 
terminal oxidase (PTOX) that reduces O2 to H2O. Electrons that passed through photosystem I may be donated 
from ferrodoxin to the plastoquinone pool in the water-to-water cycle. Alternatively, electrons passed through 
photosystem I can be used to reduce O2 via the Mehler reaction, facilitated by the enzymes superoxide dismutase 
(SOD) and ascorbate peroxidase (APX) in the thylakoid membrane or in the stroma. In addition to alternative 
electron transport, excess light energy may be dissipated as heat by non photochemical (NPQ) processes in the light 
harvesting complexes, including the de-epoxidation of the xanthophyll pigment cycle in eukaryotic phytoplankton 
species.
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requirements. Exposure to such excessive PAR and UVR causes photoinhibition, a process in 
which an over-reduction of the photosynthetic electron transport chain reduces photosynthetic 
efficiency by a decrease in functional PSII reaction centers (Aro et al. 1993). Moreover, 
prolonged exposure to excessive irradiance can lead to the uncontrolled formation of reactive 
oxygen species and viability loss (Gechev et al. 2006, Van de Poll et al. 2006). 

To prevent photoinhibition and viability loss during excessive irradiance exposure, 
phytoplankton regulate light harvesting and other photosynthetically important processes. 
In prokaryotic species, the utilization of light harvesting energy can be regulated by state 
transitions, in which the light harvesting antenna of the phycobillisome (PBS) is redistributed 
between the reaction centers of PSI and PSII (Campbell et al. 1998, Bailey & Grossman 
2008). In addition, light harvesting energy can be regulated by the thermal dissipation 
of excess energy (Figure 1.3b). This photoprotective process can occur within seconds 
after irradiance changes in both prokaryotic and eukaryotic phytoplankton species, but 
the underlying mechanisms are considerably different. In eukaryotic species, the thermal 
dissipation of excess energy involves the xanthophyll pigment cycle. Epoxidized xanthophyll 
cycle pigments assist in light harvesting, whereas de-epoxidized equivalents dissipate excess 
energy in the form of heat (Olaizola et al. 1994). In PBS containing cyanobacteria, the 
thermal dissipation of excess energy involves the orange carotenoid protein (Wilson et al. 
2006, Bailey & Grossman 2008). In Prochlorococcus spp., these proteins are not observed 
and the underlying mechanism remains unknown (Bailey et al. 2005, Bailey & Grossman 
2008). In addition to the regulation of light harvesting, photoinhibition and viability loss may 
be avoided by the increase of photochemical quenching by enhancing alternative electron 
transport and (non-)enzymatic scavenging of reactive oxygen species (Häder et al. 2007, 
Raven 2011) (Figure 1.3b). Simultaneously, phytoplankton can counteract the effects of 
photoinhibition by photorepair, a process in which damaged D1 proteins are removed from 
PSII and replaced by newly synthesized D1 proteins (Aro et al. 1993).

Photoacclimation

The short term response to excessive irradiance intensities is related to phenotypic variation 
in photophysiology of phytoplankton. On time scales of hours to days, phytoplankton are 
able to induce changes in their photophysiology in response to varying irradiance conditions 
by the process of photoacclimation. For example, when phytoplankton are transferred to 
high irradiance intensities, light harvesting by the photosystems is reduced (Falkowski & 
La Roche 1991). Changes may include a decrease in cellular chlorophyll a, PSII reaction 
center abundance and/or antenna size, and the amount and density of thylakoids (Falkowski 
& La Roche 1991, Johnsen & Sakshaug 1996, MacIntyre et al. 2000). Simultaneously, 
photoprotection is enhanced by an increase in cellular photoprotective pigmentation or 
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other non photochemical processes (Olaizola et al. 1994, Van de Poll et al. 2006, Van de 
Poll et al. 2007). The changes in light harvesting capacity are matched by enhanced Calvin-
Benson cycle activity by an increase in the amount and/or activity of Rubisco (Falkowski 
& La Roche 1991, MacIntyre et al. 1996). The opposite trend in pigmentation and other 
photosynthetic cell components is observed when phytoplankton photoacclimate to low 
irradiance intensities.

The photophysiology of phytoplankton is not only influenced by irradiance, but may 
also be influenced by other water column conditions. At sub-optimal temperatures, many 
associated aspects of photosynthesis, such as enzymatic activities, membrane fluidity, and 
electron transport, are reduced (Öquist 1983, Raven & Geider 1988). These changes are 
accompanied by changes in the light harvesting complex. Typically, phytoplankton acclimated 
to low temperatures show a photophysiology comparable to that of high light acclimated 
phytoplankton, with low levels of cellular chlorophyll a (Geider 1987, Maxwell et al. 1994, 
Stramski et al. 2002). In eukaryotic nanophytoplankton, other changes in the light harvesting 
complex involved in low temperature acclimation are a reduction in PSII reaction center size 
and abundance (Davison 1991, Wilson & Huner 2000) and an increase in photoprotective 
pigments relative to light harvesting pigments (Wilson & Huner 2000, Helbling et al. 2011). 

In addition to temperature, nutrient availability may have considerable effects on 
phytoplankton photophysiology. Generally, the light harvesting capacity is reduced during 
nutrient starvation by a reduction in cellular chlorophyll a concentrations and efficiency of 
PSII, as well as an increase in the relative amount of carotenoids (Geider et al. 1993, Berges 
& Falkowski 1998, Franklin et al. 2012). However, the absorption of chlorophyll a and the 
absorption cross section of PSII may increase during nutrient starvation (Geider et al. 1993, 
Berges et al. 1996), partially counteracting the reduced light harvesting capacity. Moreover, 
photochemical energy conversion is affected by a decrease in photosynthetically important 
proteins such as D1 and Rubisco during N starvation (Geider et al. 1993, Steglich et al. 2001, 
Berges & Falkowski 1998) and to a lesser extent during P starvation (Geider et al. 1993). 

Photoadaptation

The potential for photoacclimation is constrained by genotypic variation in photosynthetically 
important cell components. In marine phytoplankton, genotypic variation in photophysiology 
is most pronounced in the pigment composition of the light harvesting complex of PSII. 
Although most phytoplankton species contain chlorophyll a as the main light harvesting 
pigment, the composition of other pigments in the light harvesting antenna varies among 
species (Wright et al. 1991, Kirk 1994, Johnsen & Sakshaug 1996). For example, the 
prokaryotic phytoplankton species Prochlorococcus contains chlorophyll a2, chlorophyll b, 
and the carotenoid zeaxanthin (Goericke & Repeta 1992), whereas eukaryotic phytoplankton 
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species contain chlorophyll a, chlorophyll b or c, a xanthophyll pigment cycle, and (multiple) 
carotenoids (Wright et al. 1991, Kirk 1994, Johnsen & Sakshaug 1996). Accordingly, the 
pigment composition of the light harvesting antenna leads to species specific differences 
in absorption properties and light harvesting capacity (Partensky et al. 1993, Bricaud 
et al. 1995, Moore et al. 1995). The relative concentrations of the pigments in the light 
harvesting antenna may further be defined by genotypic variation. This is demonstrated by 
the genetic and physiological diversification in Prochlorococcus spp. The different ecotypes 
of Prochlorococcus spp. each have specific concentrations of chlorophyll b and zeaxanthin 
relative to chlorophyll a2 (Partensky et al. 1993, Moore et al. 1995, Moore & Chisholm 
1999). This leads to marked differences in photosynthetic characteristics and the occurrence 
of low and high light adapted ecotypes of Prochlorococcus spp. throughout the water column 
(Moore et al. 1998, Johnson et al. 2006). 

Photophysiology of oceanic phytoplankton

Despite the considerable importance of oceanic phytoplankton, many aspects of their 
photophysiology are not well understood. The photophysiology of oceanic phytoplankton 
species is often addressed separately. Both Prochlorococcus spp. (Moore et al. 1998, 
reviewed by Partensky et al. 1999) and Synechococcus spp. (Kana & Glibert 1987, Six et al. 
2004) are studied extensively in the laboratory and the field. Comparisons between the two 
prokaryotic species show differences in pigment composition and, consequently, differences 
in absorption and fluorescence characteristics (Morel et al. 1993, Moore et al. 1995). 
Accordingly, Prochlorococcus spp. and Synechococcus spp. both have growth optima at 
different irradiance intensities and spectral compositions, with Prochlorococcus spp. having 
an advantage over Synechococcus spp. at the bottom of the euphotic zone (Morel et al. 1993, 
Moore et al. 1995). Direct comparisons of the photoacclimation potential and photoregulating 
mechanisms between key prokaryotic and eukaryotic phytoplankton species are however 
rare. In addition, only a few comparative studies exist on the photophysiology of specific 
eukaryotic picophytoplankton species (Timmermans et al. 2005, Six et al. 2008, Dimier et al. 
2009a). Moreover, studies on the (photo)physiological response of oceanic phytoplankton to 
other water column conditions, such as temperature and nutrient availability, are minimal. Thus 
far, these studies indicate that eukaryotic picophytoplankton species are able to maintain high 
growth rates under natural irradiance and nutrient conditions. Only severe light and nutrient 
limitation are found to affect growth and photosynthetic performance (Timmermans et al. 
2005). Moreover, eukaryotic picophytoplankton appears to be able to acclimate effectively 
to high irradiance levels experienced in the upper water column (Dimier et al. 2007a, Dimier 
et al. 2009a). Given the relatively low abundance of eukaryotic phytoplankton in the open 
oligotrophic oceans, this raises the question to what extent photophysiology determines in 
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situ performance of the prokaryotic and eukaryotic phytoplankton species found in open 
ocean communities.

Thesis outline
The lack of knowledge on the response of specific oceanic phytoplankton species to varying 
water column conditions limits the understanding of open ocean ecosystems. Therefore, the 
present study aimed to fill gaps in this knowledge by investigating how varying irradiance, 
temperature, and nutrient conditions influence oceanic phytoplankton performance. This will 
not only lead to a better assessment of the effects of stratification and vertical mixing on 
phytoplankton communities in the open oceans, but is essential in predicting the ecological 
consequences of global climate change. The following questions were addressed in this 
thesis:

1. What are the (interactive) effects of irradiance, temperature, and nutrient 
availability on the photophysiology of different oceanic phytoplankton 
species?

2. How does variation in photophysiology of different prokaryotic and 
eukaryotic oceanic phytoplankton species affect the sensitivity to 
excessive PAR and UVR? 

3. How does genotypic and phenotypic variation in photophysiology 
affect photosynthetic and growth rates in prokaryotic and eukaryotic 
oceanic phytoplankton species?

To answer these questions, four experimental studies were performed under varying 
irradiance, temperature, and nutrient conditions. The common approach in these studies 
was the comparison between prokaryotic and eukaryotic oceanic phytoplankton species. In 
addition, a field study was performed in the North Atlantic Ocean to study in situ variations 
in the phytoplankton community. 

In Chapter 2, a comparative analysis of key oceanic phytoplankton species was 
performed to unravel the importance of irradiance conditions in structuring the phytoplankton 
community in open oceans. The prokaryotic phytoplankton species Prochlorococcus 
marinus (high light adapted ecotype) and Synechococcus sp. (low and high light adapted 
ecotypes) and the eukaryotic phytoplankton species Ostreococcus sp., Emiliania huxleyi, and 
Thalassiosira oceanica were acclimated to different irradiance conditions, including dynamic 
irradiance regimes that mimicked the irradiance conditions phytoplankton experience in the 
(upper) mixed layer of open oceans. Growth, photophysiology, and primary production were 
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measured to assess the differences in photoacclimation potential between prokaryotic and 
eukaryotic oceanic (pico)phytoplankton species. 

In Chapter 3, temperature-dependent processes in oceanic picophytoplankton 
were studied to assess the direct and indirect effects of a rise in seawater temperature on 
picophytoplankton performance in open oceans. Therefore, a low and high light adapted 
ecotype of Prochlorococcus spp. and the two eukaryotic phytoplankton species Ostreococcus 
sp. and Pelagomonas calceolata were acclimated to different temperatures. Growth and 
photophysiology were assessed and related to the possible effects of global warming on 
picophytoplankton photophysiology and species distribution.

In these experimental studies, it was shown that prokaryotic species have a lower 
optimal growth irradiance compared with eukaryotic species (Chapter 2) and therefore 
may be more susceptible to photoinhibition during high irradiance exposure. In addition, 
picophytoplankton may become less sensitive to high irradiance exposure at elevated 
temperatures (Chapter 3). Therefore, the combined effect of elevated temperatures and 
irradiance levels near the surface of open oligotrophic oceans was assessed by a comparative 
analysis of the high irradiance sensitivity of oceanic picophytoplankton in Chapter 4. In this 
study, a low and high light adapted ecotype of Prochlorococcus spp. and the two eukaryotic 
phytoplankton species Ostreococcus sp. and Pelagomonas calceolata were acclimated to 
different temperatures. The response of these species to a single high PAR dose, with and 
without UVR, was measured to unravel the importance of photoinhibition in structuring the 
phytoplankton community in open oceans.

In Chapter 5, species specific differences in photophysiology during nutrient 
starvation were assessed to unravel the importance of nutrient availability in phytoplankton 
photoinhibition and viability loss in the upper mixed layer of oligotrophic oceans. Therefore, 
Prochlorococcus marinus (high light adapted ecotype), Ostreococcus sp., and Thalassiosira 
oceanica were grown at two different N:P ratios to induce N or P starvation in the stationary 
growth phase. Growth and photophysiology were assessed to determine the effects of nutrient 
starvation in the oceanic phytoplankton species. In addition, photoinhibition and viability 
loss during high irradiance exposure and the involved photoregulating mechanisms were 
assessed.

In addition to the experimental studies, a field study was performed to unravel 
temporal and spatial variations in phytoplankton biomass and productivity in the North 
Atlantic Ocean. In Chapter 6, changes in phytoplankton biomass, primary production, 
and community composition were related to stratification, sea surface temperature, nutrient 
availability, and irradiance conditions. In addition, the environmental data was combined 
with primary production rates from different phytoplankton groups (Chapter 2) in a bio-
optical model to estimate the contribution of Prochlorococcus spp., Synechococcus spp., and 
three different eukaryotic phytoplankton groups to the total community production.
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Abstract
Six (pico)phytoplankton strains typical for the open oligotrophic oceans were acclimated 
to different irradiance regimes mimicking stable (ranging from 10 to 125 μmol photons m-2 
s-1) and dynamic (averaging at 50 and 125 μmol photons m-2 s-1) water column conditions. 
Photoacclimation potential of the different phytoplankton species was assessed by analysis 
of specific growth rates, pigment composition, pigment absorption, elemental composition, 
and photosynthetic characteristics. Results showed distinct differences between the studied 
prokaryotic species, Prochlorococcus marinus and Synechococcus sp. (two strains), and the 
eukaryotic species, Ostreococcus sp., Emiliania huxleyi, and Thalassiosira oceanica. Based 
on growth and photosynthetic characteristics, the photoacclimation potential of the eukaryotic 
species was significantly higher compared with that of the prokaryotic species under high 
and dynamic irradiance conditions. Likewise, the eukaryotic species performed better than 
the prokaryotic species after photoacclimation to low irradiance conditions. No consistent 
differences between constant and dynamic irradiance treatments were found. Differences in 
pigment composition, for example the presence of a xanthophyll pigment cycle, may have 
played an important role in the success of photoacclimation of the studied phytoplankton 
species. These results imply that the high photoacclimation potential of eukaryotic oceanic 
phytoplankton offers a selective advantage over prokaryotic phytoplankton, in both the upper 
mixed layer and the deep chlorophyll maximum. Thus, factors other than photoacclimation 
potential, for example low nutrient availability, are likely to explain the high abundance of 
prokaryotic picophytoplankton in the open oligotrophic oceans. 
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Introduction 
The phytoplankton community of open oligotrophic oceans is typically dominated 
by prokaryotic Prochlorococcus spp., Synechococcus spp., and eukaryotic pico- and 
nanophytoplankton (Olson et al. 1990, Lindell & Post 1995, reviewed by Veldhuis et 
al. 2005). Both Prochlorococcus spp. and Synechococcus spp. are described as the most 
abundant phytoplankton genera (Li 1994, DuRand et al. 2001, Johnson et al. 2006), whereas 
eukaryotic phytoplankton species are regarded as less abundant (Campbell & Vaulot 1993, 
Veldhuis et al. 2005). The success of the prokaryotic phytoplankton species is often ascribed 
to the occurrence of several ecotypes of a single species throughout the water column (Moore 
et al. 1998, Partensky et al. 1999, Fuller et al. 2003). These ecotypes are genetically and 
(photo)physiologically distinct and well adapted to specific water column conditions, such 
as the intensity and spectral composition of irradiance at the deep chlorophyll maximum 
(DCM). To date, three Prochlorococcus and eight marine Synechococcus ecotypes have 
been identified, each having differences in pigmentation, absorption, and photosynthetic 
characteristics (Moore et al. 1998, Fuller et al. 2003, Partensky & Garczarek 2010). 
Consequently, the coexistence of ecotypes could allow for competitive growth over a 
broader range of conditions than could be achieved by a genetically homogeneous population 
(Moore et al. 1998, Fuller et al. 2006). The occurrence of different ecotypes within a single 
species is however not unique to prokaryotic phytoplankton. Recent studies indicate that 
the eukaryotic picophytoplankton species Ostreococcus shows this type of genetic and 
physiological diversification as well (Rodriguez et al. 2005). Like Prochlorococcus spp. and 
Synechococcus spp., the four ecotypes of Ostreococcus spp. show distinct differences in 
pigment composition and photosynthetic characteristics. In contrast to abundance, primary 
production rates of eukaryotic phytoplankton can potentially be significantly higher compared 
with prokaryotic phytoplankton (Li 1994, Worden et al. 2004). It is however thought that the 
actual contribution of eukaryotic picophytoplankton to primary production in the open ocean 
is light limited due to their occurrence at the deep chlorophyll maximum (Veldhuis et al. 
2005).

The competitive success of a specific species depends on different factors, but 
primarily on the response to the (dynamic) irradiance and nutrient conditions encountered 
in the water column. The degree of stratification of the water column determines the depth 
of the wind-induced transport of phytoplankton (vertical mixing) (Brainerd & Gregg 1993), 
and consequently the irradiance climate phytoplankton experience. In permanently stratified 
regions, phytoplankton can be trapped in the shallow upper mixed layer (UML), thereby 
enhancing exposure to (dynamic) photosynthetically active radiation (PAR, 400-700 nm), or 
can experience limiting irradiance conditions at the deep chlorophyll maximum. In seasonally 
stratified regions, the period of stratification is interchanged with periods of deep convective 



24 Chapter 2

mixing that can reach below the euphotic zone. In addition to vertical mixing, cloud cover can 
cause fluctuations in the underwater light field. The dynamic changes between low and high 
light require regulation and acclimation of light harvesting and photoprotective pigments 
(Falkowski & La Roche 1991) and other photosynthetically important cell components. The 
extent of pigment adjustment in response to varying irradiance conditions is species specific, 
with certain species having a more dynamic range in photoacclimation potential than others. 
These differences in photoacclimation potential may partly explain why certain species 
prefer on average high (UML) or low (DCM) irradiance conditions during stratification, 
while others have a competitive advantage during (deep) vertical mixing in non-stratified 
waters (Arrigo et al. 1999, Strzepek & Harrison 2004, Van Leeuwe et al. 2005). 

The photophysiology of oceanic (pico)phytoplankton species is often addressed 
separately. Both Prochlorococcus spp. (Moore et al. 1998, reviewed by Partensky et al. 1999) 
and Synechococcus spp. (Kana & Glibert 1987, Six et al. 2004) are studied extensively in the 
laboratory and the field. Comparisons between the two prokaryotic species show differences 
in pigment composition and, consequently, differences in absorption and fluorescence 
characteristics (Morel et al. 1993, Moore et al. 1995). Accordingly, Prochlorococcus spp. and 
Synechococcus spp. both have growth optima at different irradiance intensities and spectral 
compositions, with Prochlorococcus spp. having an advantage over Synechococcus spp. at 
the bottom of the euphotic zone (Morel et al. 1993, Moore et al. 1995). Direct comparisons 
of photoacclimation potential between key prokaryotic and eukaryotic phytoplankton species 
are however rare. Only a few comparative studies exist on the photophysiology of specific 
eukaryotic picophytoplankton species (Timmermans et al. 2005, Six et al. 2008, Dimier et al. 
2009a). Moreover, studies on the response of picophytoplankton to fluctuating irradiances, as 
experienced in the upper mixed layer, are minimal (Wagner et al. 2006, Dimier et al. 2009a). 
Thus far, these studies indicate that eukaryotic picophytoplankton species are able to maintain 
high growth rates under natural irradiance and nutrient conditions. Only severe light and 
nutrient limitation are found to affect growth and photosynthetic performance (Timmermans 
et al. 2005). Moreover, eukaryotic picophytoplankton seem to be able to acclimate effectively 
to the high irradiance levels experienced in the upper water column (Dimier et al. 2007a, 
Dimier et al. 2009a). Given the relatively low abundance of eukaryotic phytoplankton in the 
open oligotrophic oceans, this raises the question to what extent photoacclimation potential 
determines in situ performance of the prokaryotic and eukaryotic phytoplankton species 
found in open ocean communities. 

In the present study, a comparative analysis of the photoacclimation potential of 
key oceanic phytoplankton species was performed to unravel the importance of irradiance 
conditions in structuring the phytoplankton community in open oligotrophic oceans. 
Therefore, three prokaryotic and three eukaryotic phytoplankton strains were acclimated 
to a range of constant and dynamic irradiance regimes. Growth was assessed during 
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photoacclimation, and in addition, pigment composition, absorption spectra, elemental 
composition, and photosynthetic characteristics were quantified after photoacclimation. The 
results are discussed in the context of ecophysiological differences between prokaryotic and 
eukaryotic (pico)phytoplankton species. 

Method

Culture conditions

Cultures were obtained from the Roscoff Culture Collection (RCC) and the Provasoli-
Guillard National Center for Culture of Marine Phytoplankton (CCMP). Synechococcus 
sp. strain RCC477, Synechococcus sp. strain RCC543, Ostreococcus sp. strain RCC410, 
Emiliania huxleyi strain CCMP2112, and Thalassiosira oceanica strain CCMP1616 were 
cultured in K medium based on natural oceanic seawater as described by Keller et al. (1987). 
For T. oceanica, silicate was added to K medium in a final concentration of 50.4 μmol l-1. 
Prochlorococcus marinus strain CCMP2389 (ecotype MED4) was cultured in a different 
version of the K medium, with a ten times diluted concentration of trace metals minus copper 
(K/10-Cu; see Chisholm et al. 1992). Cultures were maintained in 100 ml glass Erlenmeyer 
flasks at 68 μmol photons m-2 s-1, except for Synechococcus sp. strain RCC477 (9 μmol 
photons m-2 s-1), in a diurnal cycle of 12:12 h light:dark at 20 °C.

Experimental design

Cultures of P. marinus, Synechococcus sp. (both strains), Ostreococcus sp., E. huxleyi, and 
T. oceanica were transferred in duplicate to 250 ml glass Erlenmeyer flasks and incubated 
at different irradiance regimes for typically 6 d. The incubations were prolonged up to 14 
d if growth rates were low and/or the lag phase was longer than 2 d. Irradiance treatments 
were carried out in a U-shaped lamp setup as described by Van de Poll et al. (2007). In 
short, the setup consisted of 12 fluorescent lamps (six biolux and six skywhite lamps, Osram) 
equipped with reflectors (Doublelux) and connected to dimmers (Osram). The dimmers were 
computer controlled by LabVIEW software (version 8.2, National Instruments) and allowed 
irradiance fluctuations without changing spectral quality. In a first set of experiments, 
cultures were exposed to five different constant irradiance regimes, in which 10, 25, 50, 75, 
and 125 μmol photons m-2 s-1 PAR was provided as a square wave function with a 12:12 h 
light:dark cycle. For these incubations, growth and pigments analysis were performed. In a 
second set of experiments, the six phytoplankton strains were cultivated under two dynamic 
irradiance treatments, in which irradiance, mixing speed, mixing depth, and attenuation were 
superimposed on a diurnal cycle of 12:12 h light:dark. Two different regimes were chosen, 
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one averaging at 50 μmol photons m-2 s-1 PAR (maximum 166 μmol photons m-2 s-1), and 
the other averaging at 125 μmol photons m-2 s-1 PAR (maximum 400 μmol photons m-2 s-1) 
during the light period (Figure 2.1). For this experimental series, as well as the constant 
irradiance incubations of 50 and 125 μmol photons m-2 s-1, absorption spectra, elemental 
composition, and photosynthetic characteristics were measured in addition to growth and 
pigment analysis. In all experiments, growth was followed daily starting directly after the 
beginning of the irradiance treatment. In the second set of experiments, analysis of pigments, 
absorption spectra, elemental composition, and photosynthetic characteristics were performed 
simultaneously during the exponential growth phase after photoacclimation. To ensure 
photoacclimation during these experiments, the strains were pre-cultured up to 14 d under the 
experimental irradiance conditions. Measurements were performed in mid exponential phase, 
when fluorescence signals (flow cytometry) and maximum quantum yield of photosystem II 
(Fv/Fm, WATER-PAM fluorometry, Waltz GmbH) were stable. No additional measurements 
were performed in the second set of experiments if growth was not observed. Irradiance 
levels were frequently monitored with a QSL-100 (Biospherical Instruments).

Growth measurements

Samples (1 ml) for cell counts were obtained during the exponential and the beginning of the 
stationary growth phase. Cell concentrations were determined on a Coulter Epics XL-MCL 
flow cytometer (Beckman Coulter). Growth rates (µ in d-1) of the exponential growth phase 
were calculated by linear regression of natural log-transformed cell numbers for all replicates 
(≥4 data points). In addition, cell sizes were estimated by calibration of the forward scatter of 

Figure 2.1 Constant and dynamic (d) irradiance regimes, averaging at 50 and 125 μmol photons m-2 s-1.
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the flow cytometer (Flow cytometry size calibration Kit F-13838, Molecular Probes).

Pigment composition

One sample (20-60 ml) for pigment analysis was taken during the exponential growth phase 
for each replicate culture. Samples were filtered onto 25 mm GF/F filters (Whatman), snap 
frozen in liquid nitrogen, and stored at -80 °C until further analysis. Pigments were quantified 
using High Performance Liquid Chromatography (HPLC) as described by Van Leeuwe 
et al. (2006). In short, filters were freeze-dried for 48 h and pigments were immediately 
extracted in 3 ml 90% acetone (v/v, 48 h, 4 °C). Detection of pigments was carried out 
using an HPLC (Waters 2690 separation module, 996 photodiode array detector) equipped 
with a C18 5 μm DeltaPak column (Waters). Peaks were identified by retention time and 
diode array spectroscopy. Pigments were quantified using standard dilutions (DHI LAB 
products) of chlorophyll a1, chlorophyll a2, chlorophyll b, chlorophyll c3, fucoxanthin, lutein, 
diadinoxanthin, diatoxanthin, antheraxanthin, violaxanthin, zeaxanthin, α-carotene, and 
β-carotene. Chlorophyll a1 and a2 could not be separated, however it was assumed that in 
P. marinus strain CCMP2389 only chlorophyll a2 was present (Partensky et al. 1999) and 
standards for chlorophyll a2 were used for quantification. From here on, chlorophyll a will 
refer to chlorophyll a2 in P. marinus and to chlorophyll a1 in all other strains. 

Absorption spectra

Phytoplankton pigment absorption spectra were determined on a Varian Cary 3E UV-Vis 
spectrophotometer, equipped with an integrating sphere. Spectral values of the absorption 
coefficient were recorded every 1 nm between 300 and 800 nm. For analysis, 20-50 ml 
culture was filtered onto 25 mm GF/F filters (Whatman) and the transmission and reflection 
of the total particulate matter was determined according to Tassan & Ferrari (1995). The 
filter was then extracted in sodium hypochlorite (1% chlorine) to remove phytoplankton 
pigments and measured again to obtain the absorption of non-pigmented material (detritus). 
Phytoplankton absorption was calculated and normalized to chlorophyll a concentrations 
to obtain the specific absorption coefficient by phytoplankton a *ph(λ) (m2 mg Chl-a-1). The 
maximum quantum yield of photosynthesis was calculated by using the spectrally weighted 
mean specific absorption coefficient ā* (m2 mg Chl-a-1):
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where E(λ) is the irradiance used in the photosynthetron during the photosynthesis versus 
irradiance measurements. The blue:red ratio was calculated by dividing the maximum a*ph(λ) 
between 350-600 nm by the maximum a*ph(λ) between 650-700 nm.

Elemental composition

For Particulate Organic Carbon (POC) and Nitrogen (PON) analysis, 15-30 ml culture was 
filtered onto 12 mm precombusted (4 h, 600 °C) GF/F filters (Whatman), snap frozen in 
liquid nitrogen, and stored at -80 °C until further analysis. For analysis, filters were acidified 
under HCl (37%) fumes for 4 h, dried overnight at 60 °C, and wrapped in tin capsules 
(Elemental Microanalysis Ltd.). Analysis of the samples was performed on a nitrogen and 
carbon analyzer type Flash EATM 1112 (Interscience).

Photosynthetic characteristics

A 14C-bicarbonate method was used to determine photosynthetic versus irradiance (P-E) 
characteristics as described by Lewis & Smith (1983). First, 10 μl 14C-bicarbonate (0.74 
MBq) was added to 42 ml of culture, after which 20 times 2 ml was dispensed in scintillation 
vials. 17 vials were then incubated for 60 min at 20 ºC in a photosynthetron consisting of a 
temperature controlled aluminum block illuminated by a 250 W lamp (MHN-TD power tone, 
Philips) with irradiance levels ranging from 4 to 897 μmol photons m-2 s-1. After incubation, 
the samples were acidified with 100 μl 6N HCl to remove excess 14C-bicarbonate and left 
overnight under active air filtration. The next day, samples were neutralized with 100 μl 
6N NaOH and 10 ml scintillation cocktail (Ultima Gold XR, PerkinElmer) was added. To 
obtain time zero activity, 3 times 2 ml 14C culture sample was immediately acidified with 
100 μl 6N HCl and thereafter treated equal to the other samples. For total activity, 100 μl 14C 
culture sample was added to 500 μl 0.2 μm filtered seawater and 50 μl ethanolamine in three 
prepared vials, where after 10 ml scintillation cocktail was directly added. After at least 24 h, 
radioactivity in all samples was measured by liquid scintillation spectrometry (Tri-Carb 2000 
CA scintillation counter, Packard).

All data from the P-E curves were normalized to chlorophyll a derived from HPLC 
measurements and the carbon uptake measured during the incubation was plotted against the 
irradiance levels of the photosynthetron. The data were then fitted to the empirical model 
described by Platt et al. (1980):
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The maximum quantum yield of photosynthesis φmax (μmol C μmol photons absorbed-1) was 
calculated according to Geider & Osborne (1992):
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using LABFit software (version 7.2.45, Wilton and Cleide P. Silva) to perform the nonlinear 
least-squares regression, where P is the chlorophyll a specific CO2 fixation rate (μg C 
μg Chl-a-1 h-1) at irradiance E (μmol photons m-2 s-1), PS is the theoretical maximum for 
photosynthesis in the absence of photoinhibition (μg C μg Chl-a-1 h-1), α is the initial rate of 
photosynthesis (μg C μg Chl-a-1 h-1 [μmol photons m-2 s-1]-1), β is a measure of photoinhibition 
(μg C μg Chl-a-1 h-1 [μmol photons m-2 s-1]-1), and P0 was used to indicate respiration or dark 
carbon fixation at zero irradiance. The parameters obtained from equation (2) were used to 
calculate the maximum photosynthetic rate Pmax (μg C μg Chl-a-1 h-1) and the photoadaptation 
index Eκ (μmol photons m-2 s-1) by the following equations:

where 43.2 is a unit conversion factor and E is the irradiance intensity (μmol photons m-2 s-1). 
In addition, the P-E data were normalized to POC to exclude a possible effect of 

cellular chlorophyll a variability (MacIntyre et al. 2002). The carbon uptake measured in the 
P-E curves was multiplied by the chlorophyll a to carbon ratio and refitted by equation (2). 
The carbon specific maximum photosynthetic rate Pc

max (μg C μg C-1 h-1) and initial rate of 
photosynthesis αc (μg C μg C-1 h-1 [μmol photons m-2 s-1]-1) were calculated using equation (3) 
and (2), respectively.

Statistical analysis

Data were statistically analyzed by analysis of variance (ANOVA) and regression analysis 
using STATISTICA software (version 8.0, StatSoft Inc.).
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Results

Growth

Under constant irradiance conditions (first experimental series) growth rates varied widely 
between the different species (Figure 2.2). Highest rates were found for the diatom species T. 
oceanica (μ ranging from 0.29 ± 0.27 to 1.24 ± 0.06 d-1), whereas lowest values were found 
for Synechococcus sp. RCC543 (μ ranging from 0.22 ± 0.01 to 0.29 ± 0.01 d-1). Distinct 
differences in growth rates and response to irradiance treatment were found between the 
prokaryotic strains P. marinus, Synechococcus sp. RCC477, and RCC543 and the eukaryotic 
strains Ostreococcus sp., E. huxleyi, and T. oceanica (Figure 2.2). In general, the prokaryotic 
species showed lower growth rates at all irradiance regimes compared with the eukaryotic 
species. Moreover, the maximum growth rates of P. marinus (μmax = 0.39 ± 0.03 d-1), 
Synechococcus sp. RCC477 (μmax = 0.40 ± 0.03 d-1), and Synechococcus sp. RCC543 (μmax = 
0.29 ± 0.01 d-1) were found during treatments with the lower irradiance regimes, at 50, 50, 
and 25 μmol photons m-2 s-1, respectively. Noteworthy was the absence of growth in both 
Synechococcus sp. strains at the highest light intensity (125 μmol photons m-2 s-1). On the 
other hand, Ostreococcus sp. (μmax = 0.85 ± 0.08 d-1), E. huxleyi (μmax = 0.90 ± 0.05 d-1), and 
T. oceanica (μmax = 1.24 ± 0.06 d-1) showed maximum growth rates at irradiances of 75, 125, 
and 125 μmol photons m-2 s-1, respectively. 

Figure 2.2 Mean growth rates (µ) (± standard deviation, n ≥ 2) for Prochlorococcus marinus (black diamonds), 
Synechococcus sp. RCC477 (black triangles), Synechococcus sp. RCC543 (black octagons), Ostreococcus sp. 
(white triangles), Emiliania huxleyi (white circles), and Thalassiosira oceanica (white squares). Negative values in 
Synechococcus sp. (both strains) grown at 125 μmol photons m-2 s-1 were set to zero.
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When growth rates of the dynamic and constant irradiance treatments were compared 
(second experimental series, Table 2.1), different trends were visible for the low and high 
irradiance treatments. At 50 μmol photons m-2 s-1, all species showed reduced growth under 
dynamic irradiance exposure (p < 0.05, not significant for Synechococcus sp. RCC477 and 
Ostreococcus sp.). In contrast, at 125 μmol photons m-2 s-1, the prokaryotic strains P. marinus, 
Synechococcus sp. RCC477, and RCC543 failed to grow when exposed to dynamic irradiance, 
whereas the eukaryotic strains grew at similar rates (Ostreococcus sp. and E. huxleyi) or 
slightly faster (T. oceanica, p < 0.01) at dynamic compared with constant irradiance. 

Cell sizes (data not shown) were on average 0.79 ± 0.004 μm for P. marinus, 0.98 ± 
0.02 μm for Synechococcus sp. RCC477, 0.90 ± 0.04 μm for Synechococcus sp. RCC543, 
1.05 ± 0.12 μm for Ostreococcus sp., 5.07 ± 0.49 μm for E. huxleyi, and 6.37 ± 0.54 μm for 
T. oceanica. No trend with irradiance treatment was found.

Pigment composition

Two different trends in cellular chlorophyll a levels between prokaryotic and eukaryotic 
species were observed after photoacclimation (data not shown). P. marinus, Synechococcus 
sp. RCC477, and RCC543 showed no significant trend in cellular chlorophyll a 
concentrations with irradiance. Average concentrations were 6.16 ± 2.75, 20.0 ± 3.95, and 
31.7 ± 7.99 fg cell-1 for P. marinus, Synechococcus sp. RCC477, and RCC543, respectively. 
In contrast, Ostreococcus sp., E. huxleyi, and T. oceanica showed a significant decrease 
in cellular chlorophyll a concentrations with increasing irradiance (p < 0.05). Chlorophyll 
a concentrations in the eukaryotic species ranged from 9.08 to 5.32 ± 0.82 fg cell-1 in 
Ostreococcus sp., from 0.35 ± 0.01 to 0.22 ± 0.03 pg cell-1 in E. huxleyi, and from 0.73 ± 0.21 
to 0.24 ± 0.05 pg cell-1 in T. oceanica (values given for 10-125 μmol photons m-2 s-1). The 
accessory pigments chlorophyll b in P. marinus and Ostreococcus sp. and fucoxanthin in E. 
huxleyi and T. oceanica also showed a decreasing trend with increasing irradiance (p < 0.01), 

Table 2.1  Mean growth rates (± standard deviation, n ≥ 2) (µ in d-1) for all strains in the constant and 
dynamic (d) irradiance treatments at 50 and 125 μmol photons m-2 s-1. * mark significant differences (p < 0.05) 
in µ for each species between constant and dynamic irradiance treatments.

50 50d 125 125d

Prochlorococcus marinus 0.38 ± 0.03* 0.28 ± 0.04 0.23 ± 0.07* -0.62 ± 0.04

Synechococcus sp. RCC477 0.40 ± 0.03 0.39 ± 0.09 -0.18 ± 0.05* -0.46 ± 0.01

Synechococcus sp. RCC543 0.27 ± 0.02* 0.16 ± 0.003 -0.66 ± 0.04* -0.42 ± 0.04

Ostreococcus sp. 0.84 ± 0.18 0.76 ± 0.02 0.75 ± 0.33 1.20 ± 0.29

Emiliania huxleyi 0.82 ± 0.04* 0.66 ± 0.04 0.90 ± 0.05 0.96 ± 0.05

Thalassiosira oceanica 1.11 ± 0.08* 0.79 ± 0.05 1.24 ± 0.06* 1.40 ± 0.04
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whereas prasinoxanthin in Ostreococcus sp. showed no significant trend with irradiance (data 
not shown).

In P. marinus, Synechococcus sp. RCC477, and RCC543 zeaxanthin was found as 
the main photoprotective pigment. In the eukaryotic species, a xanthophyll pigment cycle 
was present, consisting of violaxanthin, antheraxanthin, and zeaxanthin in Ostreococcus sp. 

Figure 2.3 Photoprotective pigments to chlorophyll a ratio for (a) Prochlorococcus marinus  , (b) Ostreococcus 
sp., (c) Synechococcus sp. RCC477, (d) Emiliania huxleyi, (e) Synechococcus sp. RCC543, and (f) Thalassiosira 
oceanica at the different irradiance intensities of the constant (white symbols) and dynamic (black symbols) irradiance 
regimes. Abbreviations: Chl-a: chlorophyll a, Chl-a2: chlorophyll a2,Vio: violaxanthin, Ant: antheraxanthin, Zea: 
zeaxanthin, Dd: diadinoxanthin, and Dt: diatoxanthin.
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and diadinoxanthin and diatoxanthin in E. huxleyi and T. oceanica. Effects of irradiance on 
photoprotective pigments showed similar trends for all species (Figure 2.3). The ratio of 
photoprotective pigments to chlorophyll a increased with irradiance in both prokaryotic and 
eukaryotic species (p < 0.02). Typically, an increase in photoprotective pigments was related 
to the irradiance at which growth saturated. For P. marinus and all eukaryotic species (Figure 
2.3a,b,d,f) this was around 50 μmol photons m-2 s-1 (also see Figure 2.2). This trend was less 
clear for Synechococcus sp. RCC477 and RCC543, but most likely valid, as growth saturated 
at low irradiances and photoprotective pigments showed a strong increase from the lowest 
irradiance treatment upward. Noteworthy were the relatively high photoprotective pigment 
to chlorophyll a ratios in the prokaryotic species (up to 1.24 ± 0.02 in Synechococcus sp. 
RCC543) compared with the eukaryotic species (up to 0.25 ± 0.08 in T. oceanica).

When the constant and dynamic irradiance treatments were compared, significant 
decreases in cellular chlorophyll a concentration were found under dynamic irradiance in T. 
oceanica at 50 μmol photons m-2 s-1 (p < 0.04) and in Ostreococcus sp. at 125 μmol photons 
m-2 s-1 (p < 0.01). In addition, a significant decrease in the photoprotective pigments per 
chlorophyll a ratio was found in the dynamic light treatment at 125 μmol photons m-2 s-1 for 
Ostreococcus sp. and E. huxleyi (p < 0.01) (Figure 2.3). No other significant differences in 
pigmentation were found between the constant and dynamic irradiance treatments.

Absorption spectra

Although the main light harvesting pigments (phycobilins) in Synechococcus sp. were not 
quantified, some observations were made based on the measured absorption spectra of 
Synechococcus sp. strains RCC477 and RCC543. When specific absorption coefficients 
of both strains were compared during constant irradiance exposure at 50 μmol photons 
m-2 s-1 (Figure 2.4), a difference in phycobilins absorption was found. Absorption of 
phycoerythrobilin (PEB) around 550 nm was much higher in Synechococcus sp. RCC477 
compared with RCC543, whereas absorption of phycourobilin (PUB) around 495 nm was 
similar in both strains. This resulted in significantly different PUB:PEB ratios between 
the strains, 1.39 ± 0.16 and 2.51 ± 0.06 for strain RCC477 and RCC543, respectively (p < 
0.01). Moreover, the PUB:PEB ratio increased during the dynamic irradiance treatment in 
Synechococcus sp. RCC543 (to 3.21 ± 0.08, p < 0.01), whereas no significant differences 
were found between irradiance treatments in strain RCC477.  

When absorption spectra of all species were compared, no significant differences were 
found between the constant and dynamic irradiance treatments. Therefore, data of the constant 
and dynamic irradiance treatments of identical light intensity (on average 50 or 125 μmol 
photons m-2 s-1) were grouped. The spectrally weighted mean specific absorption coefficients 
(ā*) were negatively related to cell size and cellular chlorophyll a concentrations (p < 0.001), 
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but there was considerable variation in this trend for the prokaryotic species (Table 2.2). At 
50 μmol photons m-2 s-1, ā* was significantly lower in P. marinus and T. oceanica compared 
with all other species (p < 0.03). Highest values were found in Synechococcus sp. RCC477 
(p < 0.05). At 125 μmol photons m-2 s-1, only P. marinus showed a significant increase in 
ā* compared with the lower irradiance treatment of 50 μmol photons m-2 s-1 (p < 0.005). 
The blue:red absorption ratio (Table 2.2) was found to be significantly different between all 

Figure 2.4 Example of the specific absorption coefficient a*ph(λ) for Synechococcus sp. RCC477 and RCC543 
grown at 50 μmol photons m-2 s-1. Differences in phycobilisome pigmentation are clearly visible around 550 nm.

Table 2.2 The mean (± standard deviation, n = 4) spectrally weighted mean specific absorption coefficient 
ā* (m2 mg Chl-a-1) and the blue:red ratio of the absorption spectra for all strains at 50 and 125 μmol photons m-2 
s-1. Constant and dynamic irradiance treatments did not show significant differences and are therefore grouped 
under the average irradiance condition (50 or 125 μmol photons m-2 s-1). n/a: data not available, growth was not 
observed in cultures and additional measurements were not performed.

ā* blue:red

50 125 50 125

Prochlorococcus marinus 0.018 ± 2.16×10-3 0.031 ± 3.80×10-3 2.22 ± 0.05 3.45 ± 0.27

Synechococcus sp. RCC477 0.047 ± 4.89×10-3 n/a 2.41 ± 0.16 n/a

Synechococcus sp. RCC543 0.035 ± 6.42×10-3 n/a 1.99 ± 0.05 n/a

Ostreococcus sp. 0.037 ± 4.17×10-3 0.041 ± 9.17×10-3 2.06 ± 0.05 2.16 ± 0.04

Emiliania huxleyi 0.030 ± 3.77×10-3 0.030 ± 2.09×10-3 1.85 ± 0.02 1.93 ± 0.08

Thalassiosira oceanica 0.016 ± 4.54×10-3 0.019 ± 2.46×10-3 1.31 ± 0.03 1.40 ± 0.05
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species (p < 0.02), with the exception of Synechococcus sp. RCC543 and Ostreococcus sp. 
at 50 μmol photons m-2 s-1. Noteworthy was the relatively low blue:red ratio in T. oceanica 
compared with the other species. The blue:red ratio increased slightly with irradiance in 
Ostreococcus sp., E. huxleyi, and T. oceanica, but was more than one and a half times higher 
in P. marinus at 125 compared with 50 μmol photons m-2 s-1. 

Elemental composition

No clear trends were found in elemental composition between the irradiance treatments. C:N 
ratios (data not shown) varied from 3.50 ± 0.10 (Synechococcus sp. RCC477) to 6.63 ± 0.29 
(P. marinus) and were significantly highest in P. marinus and E. huxleyi (p < 0.01). Cellular 
nitrogen and carbon levels (data not shown) were considerably higher in E. huxleyi (up to 
12.1 ± 0.06 pg N cell-1 and 1.97 ± 0.03 pg C cell-1, respectively) and T. oceanica (up to 12.5 
± 1.81 pg N cell-1 and 2.84 ± 0.48 pg C cell-1, respectively) compared with the other species 
(up to 2.51 ± 1.12 pg N cell-1 and 0.72 ± 0.34 pg C cell-1 in Synechococcus sp. RCC477, 
respectively) (p < 0.001). The found differences in cellular C and N concentrations were 
related to cell size (p < 0.001).

Photosynthetic characteristics

The photosynthetic versus irradiance curves resulted in clear differences between prokaryotic 
and eukaryotic phytoplankton species. However, significant differences in the maximum 
photosynthetic rate (Pmax), the initial rate of photosynthesis (α), and the photoadaptation index 
(Eκ) were only found occasionally between the constant and dynamic irradiance treatment. 
The general trend, but not significant for all parameters, indicated a similar or slightly 
increased Pmax, α, and Eκ under dynamic compared with constant irradiance exposure at 50 
μmol photons m-2 s-1, whereas the opposite trend was observed at 125 μmol photons m-2 s-1 
(Table 2.3). For further interpretation, data of the constant and dynamic irradiance treatment 
of identical light intensity (on average 50 or 125 μmol photons m-2 s-1) were grouped. 

The maximum photosynthetic rate (Pmax both chlorophyll a and carbon normalized) 
was significantly lower in the prokaryotic strains P. marinus, Synechococcus sp. RCC477, 
and RCC543 compared with the eukaryotic strains Ostreococcus sp., E. huxleyi, and T. 
oceanica at all irradiances conditions (p < 0.03) (Table 2.3, Figure 2.5, Figure 2.6a). This 
trend was remarkably strong for T. oceanica exposed to 125 μmol photons m-2 s-1, which 
showed photosynthetic rates more than four times faster compared with the other species. 
The initial rate of photosynthesis (α) showed no marked differences between the species 
(Table 2.3) when normalized to chlorophyll a, but was lowest in P. marinus (p < 0.05). α 
increased at 125 compared with 50 μmol photons m-2 s-1, but only significantly in T. oceanica 
(p < 0.03). In contrast, the initial rate of photosynthesis normalized to carbon (αc) showed 
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significantly lower rates under all irradiance conditions for the prokaryotic species compared 
with the eukaryotic species (p < 0.03) (Figure 2.6b). The photoadaptation index (Eκ) was 
similar in the ‘true’ picophytoplankton P. marinus, Synechococcus sp. RCC477, RCC543, 
and Ostreococcus sp., around the average irradiance of the treatment, whereas the Eκ of the 
larger species, E. huxleyi and T. oceanica, were significantly higher (p < 0.001) compared 
with the other species (Table 2.3, Figure 2.6c). Although Eκ increased with irradiance in all 
species (not significant for E. huxleyi), most pronounced was the increase in Eκ of P. marinus 
at 125 μmol photons m-2 s-1, which again was acclimated to the average irradiance given 
during the irradiance treatment (Table 2.3, Figure 2.6c). Results given for Eκ related well to 
those found for photoinhibition (β), which was lowest in E. huxleyi and T. oceanica (data not 
shown). The maximum quantum yield of photosynthesis (φmax, Table 2.3) was significantly 
higher in the eukaryotic strains Ostreococcus sp., E. huxleyi, and T. oceanica, compared with 
the prokaryotic strains P. marinus, Synechococcus sp. RCC477, and RCC543 at 50 μmol 
photons m-2 s-1 (p < 0.02). At the higher irradiance treatment of 125 μmol photons m-2 s-1

, this 
trend was less clear, but T. oceanica showed significant higher φmax than the other species (p 
< 0.002).

Figure 2.5 Photosynthesis versus irradiance curves for Prochlorococcus marinus (white symbols) and 
Thalassiosira oceanica (black symbols) for the (a) 50 and (b) 125 μmol photons m-2 s-1 constant irradiance treatments. 
The mean fit is given (n = 2). Note that the scales of the carbon fixation rates are different between the panels. 
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Figure 2.6 Mean (± standard deviation, n = 4) (a) maximum photosynthetic rate Pc
max, (b) initial rate of 

photosynthesis αc, and (c) photoadaptation index Eκ normalized to carbon for the six phytoplankton strains grown 
at 50 (white bars) and 125 μmol photons m-2 s-1 (grey bars). Values for constant and dynamic irradiance treatments 
were grouped according to the average irradiance given during the treatment (50 or 125 μmol photons m-2 s-1).
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Discussion
A better understanding of photoacclimation mechanisms in picophytoplankton and 
corresponding photosynthetic performance is essential, because it is expected that climate 
change mediates a rise in seawater temperature as well as changes in wind fields (Sarmiento 
et al. 1998). Consequently, the onset and break-up of stratification in temperate and warm-
temperate oceanic regions are affected, which will alter nutrient availability and the intensity, 
spectral composition, and dynamics of phytoplankton irradiance exposure (Boyd & Doney 
2002, Behrenfeld et al. 2006, Polovina et al. 2008). Because phytoplankton productivity 
provides the basis of open ocean ecosystems and a feedback for anthropogenic carbon 
emissions, it is important to understand how these changes affect phytoplankton performance 
and community composition. 

Although it has previously been reported that both prokaryotic and eukaryotic species 
can successfully acclimate to higher irradiances (Kana & Glibert 1987, Moore & Chisholm 
1999, Van de Poll et al. 2007), this study shows that when both groups are compared under 
identical experimental conditions relevant for the open ocean, eukaryotic species show a 
higher photoacclimation potential than prokaryotic species. The observed differences in 
photoacclimation to high irradiances (125 μmol photons m-2 s-1) between prokaryotic and 
eukaryotic species are evident in both growth and photosynthetic parameters. The eukaryotic 
species Ostreococcus sp., E. huxleyi, and T. oceanica are able to maintain substantial growth 
under high irradiance conditions. This is in agreement with earlier studies, performed 
with the same (Sakshaug et al. 1987, Rodriguez et al. 2005, Leonardos & Harris 2006) or 
other eukaryotic (pico)phytoplankton species, such as Pelagomonas calceolata (Dimier et 
al. 2009a) and Chlorella vulgaris (Wagner et al. 2006). Consistent with the irradiance at 
which photosynthesis saturates (Eκ), the observed growth rates indicate that Ostreococcus 
sp., E. huxleyi, and T. oceanica can photoacclimate relatively well to high irradiance 
intensities. In contrast, growth and photosynthesis in the prokaryotic species P. marinus and 
Synechococcus sp. (both strains) saturates at relatively low irradiances. This indicates that 
the Prochlorococcus strain used in this study, a low B/A ecotype generally assumed to be 
high light adapted (Partensky et al. 1993, Moore et al. 1995, Moore et al. 1998), shows a 
lower photoacclimation potential at high irradiance intensities compared with that of the 
eukaryotic species. Synechococcus spp. is in this study represented by two strains that have 
not been addressed previously in laboratory experiments. The isolation depth (120 and 10 
m, respectively) and pigmentation could indicate that strains RCC477 and RCC543 are 
two different light adapted ecotypes of Synechococcus spp. However, both Synechococcus 
sp. strains show a low photoacclimation potential to high irradiances comparable to that 
of P. marinus. This is concurrent with earlier observations made for other Synechococcus 
strains under similar experimental conditions (Barlow & Alberte 1985, Moore et al. 1995, 
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Fu et al. 2007). Under higher temperature conditions however, higher growth rates and 
photoacclimation to higher irradiance intensities have been observed (Kana & Glibert 1987, 
Morel et al. 1993, Six et al. 2004). It therefore appears that temperature plays an important 
role in the photosynthetic response of Synechococcus spp. (see Moore et al. 1995).

The dynamic irradiance treatments represent mixed water column conditions and 
are based on measurements from the North Atlantic Ocean during stratification (Stratiphyt 
cruise-I, July-August 2009, unpubl.). The irradiance climate experienced by phytoplankton 
in the upper mixed layer of the North Atlantic Ocean varies from 0.1 to 475 μmol photons 
m-2 s-1 (Kd = 0.057 m-1) (also see Kirk 1994), consistent with the dynamic irradiance regime 
of this study averaging at 125 μmol photons m-2 s-1. However, higher irradiance levels can be 
encountered near the surface (upper 10 m). The other dynamic irradiance regime (averaging 
at 50 μmol photons m-2 s-1) could represent the irradiance climate phytoplankton experience 
deeper in the water column. Although dynamic irradiances have previously been found to 
affect photosynthetic performance in eukaryotic species (Van Leeuwe et al. 2005, Van de 
Poll et al. 2007, Dimier et al. 2009a), the present study indicates that dynamic irradiances 
do not necessarily affect growth or photosynthesis at lower irradiance intensities in the 
eukaryotic species Ostreococcus sp., E. huxleyi, and T. oceanica. However, the long-term 
growth measurements do not directly reflect the differences found between the constant and 
dynamic irradiance treatments in the short-term measured photosynthetic characteristics. 
In the prokaryotic species P. marinus and Synechococcus sp., growth is possibly affected 
by photoinhibition at the maximum irradiance intensity of the dynamic irradiance regimes 
(166 and 400 μmol photons m-2 s-1). In a separate experiment, P. marinus CCMP2389 is 
able to grow under high dynamic irradiance when acclimated to the irradiance regime by 
incrementing steps (as suggested by Moore et al. 2007). This is consistent with the observation 
that Prochlorococcus spp. occurs in the upper layer of the water column of the seasonally 
stratified open oceans (Olson et al. 1990, Goericke & Welschmeyer 1993, Partensky et al. 
1999), where irradiance levels can occasionally be high. On the other hand, the rate at which 
Prochlorococcus spp. photoacclimates raises questions on the productivity of this species 
during sudden exposure to high irradiances. Earlier studies on Prochlorococcus spp. show 
that, during a light shift from low to high irradiance (from 8 to 57 μmol photons m-2 s-1), 
photoacclimation is completed after 40 h in a low B/A ecotype of Prochlorococcus spp. 
(eMED4), while it may take more than three days in a high B/A ecotype (Bricaud et al. 1999). 
This is consistent with the observed lag-phase during growth measurements in this study 
(data not shown). Moreover, the uptake of inorganic carbon does not immediately result in 
cell growth when irradiance increases rapidly (this study, Cailliau et al. 1996). In contrast, 
the eukaryotic species used in this study, Ostreococcus sp., E. huxleyi, and T. oceanica, and 
other studies, such as P. calceolata (Dimier et al. 2009a) and Picochlorum sp. (Dimier et 
al. 2007a), can regulate photosynthesis and growth at much smaller timescales. For these 
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species, maximum growth rates are established within 24 h after transfer to higher irradiance 
levels (this study, Dimier et al. 2007a, Dimier et al. 2009a).

The initial response of photoacclimation is related to the regulation of light 
harvesting and photoprotective pigments. Although many other processes are involved 
in photoacclimation (Falkowski & La Roche 1991), the regulation of pigments is one of 
the fastest responses to irradiance fluctuations. One of the most pronounced differences in 
pigmentation between prokaryotic and eukaryotic phytoplankton species is the presence of 
an epoxydation/de-epoxydation (xanthophyll) pigment cycle in eukaryotic species (Olaizola 
et al. 1994, Horton et al. 1996, Muller et al. 2001). Xanthophyll cycle pigments fulfill a dual 
function, because the epoxidized pigments assist in light harvesting, whereas the de-epoxidized 
pigments dissipate excessive irradiance in the form of heat. The enzymatic conversion of 
xanthophyll cycle pigments is crucial in preventing photoinhibition and viability loss during 
excessive irradiance exposure (Moisan et al. 1998, Van de Poll et al. 2005). Apart from the 
flexibility in photoprotective pigment content in the eukaryotic species, the initial response 
of photoacclimation could be significantly faster in the eukaryotic species compared with 
the prokaryotic species due to the presence of a photoprotective (xanthophyll) pigment 
cycle. The importance of the photoprotective (xanthophyll) pigment cycle in Ostreococcus 
sp., E. huxleyi, and T. oceanica is also evident in the increased de-epoxidation state of the 
xanthophyll cycle pigments at higher irradiances (data not shown). In contrast, prokaryotic 
phytoplankton species contain the photoprotective xanthophyll pigment zeaxanthin that is not 
regulated by an epoxydation/de-epoxydation cycle (Bidigare et al. 1989, Goericke & Repeta 
1992, Moore et al. 1995). The photoprotective function of zeaxanthin in Prochlorococcus 
spp. and Synechococcus spp. is often questioned, since zeaxanthin is spatially separated 
from the photosystems in other cyanobacteria (Siefermann-Harms 1985). Yet, based on 
the observation that zeaxanthin increases with irradiances in this study, it is assumed that 
this pigment does provide some form of photoprotection in strains P. marinus CCMP2389, 
Synechococcus sp. RCC477, and RCC543. This idea is supported by the high concentrations 
of zeaxanthin relative to chlorophyll a found in the field (Letelier et al. 1993, Claustre & 
Marty 1995). In addition to the enhancement of photoprotection at high irradiance, the 
eukaryotic species Ostreococcus sp., E. huxleyi, and T. oceanica decrease light harvesting 
pigmentation to reduce the energy entering the photosystems. Based on chlorophyll a levels, 
such a trend could not be observed in the prokaryotic species P. marinus and Synechococcus 
sp. (both strains). When chlorophyll b (Chl-b/a) in P. marinus is considered, this species 
does show a decrease in light harvesting pigmentation. However, the main light harvesting 
pigments in Synechococcus sp., phycobilins, are not quantified and it is therefore unsure 
if Synechococcus sp. RCC477 and RCC543 additionally decrease light harvesting at high 
irradiance. 
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It is often argued that Prochlorococcus spp. and Synechococcus spp. are better adapted 
to the irradiance climate experienced at the bottom of the euphotic zone and that eukaryotic 
picophytoplankton would be light limited under such conditions (Moore et al. 1995, Palenik 
2001, Veldhuis et al. 2005). However, in this study the eukaryotic species Ostreococcus 
sp., E. huxleyi, and T. oceanica, although light limited, show higher growth rates than the 
prokaryotic species at the lowest irradiance intensity (10 μmol photons m-2 s-1). This shows 
that the eukaryotic phytoplankton species can competitively grow at irradiance intensities 
found at the deep chlorophyll maximum (between 0 and 15 μmol photons m-2 s-1; Stratiphyt 
cruise-I, July-August 2009, unpubl.). As for the spectral composition of irradiance, the small 
differences found in the blue:red absorption ratios between the different species suggests that 
the absorption of relative blue irradiance could be as effective in eukaryotic as in prokaryotic 
phytoplankton species at low irradiances. This is supported by the pigment composition of the 
eukaryotic species used in this study. Especially Ostreococcus sp. shows a pigment signature 
suitable for the absorption of blue irradiance due to the presence of high concentrations 
of chlorophyll b (data not shown) (Rodriguez et al. 2005, Six et al. 2005). In addition, E. 
huxleyi and T. oceanica contain several carotenoids that reinforce blue absorption, such as 
fucoxanthin (Wright et al. 1991). Moreover, the absorbed energy in the blue part of the 
irradiance spectrum is partly dissipated as heat by photoprotective pigments and is therefore 
lost for photosynthesis (Bidigare et al. 1989). This dissipation of energy could be relatively 
high in the prokaryotic compared with the eukaryotic phytoplankton strains used in this 
study, since the ratio of photoprotective pigments to chlorophyll a is almost five times higher 
in P. marinus, Synechococcus sp. RCC477, and RCC543 compared with Ostreococcus sp., 
E. huxleyi, and T. oceanica. When ecotypes of Prochlorococcus spp. prevailing at the bottom 
of the euphotic zone (high B/A ecotypes) are considered, it is however, clear that some 
cyanobacterial ecotypes do have a possible advantage of the spectral irradiance composition 
at depth (Morel et al. 1993, Partensky et al. 1993, Moore et al. 1995). 

The observed species composition and community structure in open oligotrophic 
oceans is often explained by a combination of the response of specific phytoplankton species 
to certain irradiance and nutrient conditions. However, from the strains studied here, it can 
be stated that, when nutrients are readily available, eukaryotic phytoplankton species would 
outperform prokaryotic species. The ability to photoacclimate to a wide variety of both 
stable and dynamic irradiances regimes offers the eukaryotic species an advantage in the 
mixed layer, but also at the bottom of the euphotic zone. This implicates that other factors 
influencing production and growth of phytoplankton, such as nutrient availability, play a 
more important role in structuring the phytoplankton community found in the oligotrophic 
systems. 
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Abstract
It is expected that climate change will expand the open oligotrophic oceans by enhanced thermal 
stratification. Because temperature defines the geographic distribution of picophytoplankton 
in open ocean ecosystems and regulates photophysiological responses, it is important to 
understand how temperature affects picophytoplankton growth and photophysiology. Two 
prokaryotic and two eukaryotic picophytoplankton strains were acclimated to three different 
temperatures, ranging from 16 to 24 °C. Temperature dependent growth and photophysiology 
were assessed by measurements of specific growth rates, cell size, pigment composition, 
absorption, and electron transport rates. Growth of Prochlorococcus marinus (eMED4), 
Prochlorococcus sp. (eMIT9313), Ostreococcus sp. (clade B), and Pelagomonas calceolata 
was positively related to temperature, especially in the prokaryotic strains. Changes in 
photophysiology included increased light harvesting, increased electron transport, and 
reduced photoinhibition at elevated temperatures. However, the changes related to light 
harvesting and electron transport could not fully explain the observed difference in growth. 
This suggests that other processes, such as Calvin Cycle activity, are likely to limit growth 
at sub-optimal temperatures in these picophytoplankton strains. The overall changes in 
photophysiology during temperature acclimation will possibly allow photosynthesis at 
higher irradiance intensities, but the genetically defined low temperature tolerances and 
photosynthetic characteristics of the different ecotypes will likely be more important in 
determining picophytoplankton (depth) distribution and community composition.
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Introduction
Research related to climate change has largely focused on polar systems and organisms, 
although changes in other oceanic systems can also be expected. In temperate to warm-
temperate oceanic regions, a rise in seawater temperature by 1.5-4.5 °C over the next century 
(Houghton et al. 1995) will lead to changes in water column stratification. The subsequent 
modifications in mixed layer dynamics will decrease nutrient availability and increase levels 
of photosynthetic active radiation (PAR, 400-700 nm) and ultraviolet radiation (UVR, 280-
400 nm) in surface layers of the open oceans (Behrenfeld et al. 2006, Doney 2006). Elevated 
temperatures, as well as the indirect changes in the irradiance climate can have pronounced 
effects on phytoplankton productivity and community structure (Schmittner 2005, Behrenfeld 
et al. 2006, Litchman et al. 2006). 

The phytoplankton community of open oligotrophic oceans is dominated by 
Prochlorococcus spp., Synechococcus spp., and eukaryotic nano- and picophytoplankton 
(Olson et al. 1990, Li 1994, Durand et al. 2001). The geographic distribution of these 
phytoplankton species is highly related to temperature. For example, the abundance of 
Prochlorococcus spp. is highest in warm waters with temperatures above 17 °C (Partensky 
et al. 1999, Johnson et al. 2006). Similar trends are found for Synechococcus spp., with a 
strong positive relationship between Synechococcus spp. abundance and temperatures above 
14 °C (Agawin et al. 1998, Li 1998, Moisan et al. 2010), and for Ostreococcus spp., with a 
temperature range from 11 °C to 26 °C (Demir-Hilton et al. 2011). The geographic ranges of 
picophytoplankton are thought to be species and ecotype specific, determined by genetically 
defined low temperature tolerances (Moore et al. 1995, Johnson et al. 2006, Zinser et al. 
2007). In addition to the effect of temperature on the distribution of picophytoplankton, 
general trends in community production and biomass are also evident. Typically, the biomass 
and primary production of picophytoplankton and the contribution of picophytoplankton to 
the total phytoplankton production increase with temperature (Agawin et al. 2000, Feng et 
al. 2009, Morán et al. 2010).

Even though temperature is an important factor in picophytoplankton ecology, only 
a few studies have focused on the effects of temperature on growth and photophysiology 
of this specific phytoplankton size class (Moore et al. 1995, Fu et al. 2007, Zinser et al. 
2007). Especially little information is available on the eukaryotic picophytoplankton. Like 
other phytoplankton, picophytoplankton show a traditional temperature dependent growth 
curve (Eppley 1972, Moore et al. 1995, Zinser et al. 2007). The initial photochemical 
reactions are independent of temperature, but many associated aspects of photosynthesis, 
such as enzymatic activities, membrane fluidity, and electron transport, are reduced at sub-
optimal temperatures (Öquist 1983, Raven & Geider 1988). These changes are accompanied 
by changes in the light harvesting complex. Typically, phytoplankton acclimated to 
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low temperatures show a photophysiology comparable to that of high light acclimated 
phytoplankton, with low levels of cellular chlorophyll a (Geider 1987, Maxwell et al. 1994, 
Stramski et al. 2002). This was also found for the prokaryotic picophytoplankton species 
Prochlorococcus marinus (eMED4) and Synechococcus sp. (WH7803) (Fu et al. 2007). In 
eukaryotic nanophytoplankton, other changes in the light harvesting complex involved in low 
temperature acclimation are a reduction in PSII reaction center size and abundance (Davison 
1991, Wilson & Huner 2000) and an increase in photoprotective pigments relative to light 
harvesting pigments (Wilson & Huner 2000, Helbling et al. 2011). As temperature increases, 
the constraints on photosynthesis gradually decrease with increased chlorophyll a synthesis 
and enhanced light capture (Falkowski & Raven 1997, Stramski et al. 2002). Beyond the 
optimal temperature, the demand in ATP and carbohydrates exceeds that of new production 
and growth and photosynthesis decrease abruptly (Raven & Geider 1988, Davison 1991).

In the present study, temperature dependent processes in oceanic picophytoplankton 
were studied to improve the knowledge on the direct and indirect effects of a rise in seawater 
temperature on picophytoplankton performance in open ocean ecosystems. Therefore, two 
prokaryotic and two eukaryotic picophytoplankton strains were acclimated to three different 
temperatures. Growth and photophysiology were assessed by analysis of specific growth 
rates, cell size, pigment composition, absorption, and electron transport rates. The results are 
related to the possible effect of elevated temperature on picophytoplankton photophysiology 
and species distribution. In addition, the use of fluorescence analysis in the assessment of 
picophytoplankton photophysiology is discussed.

Method

Culture conditions

Cultures were obtained from the Roscoff Culture Collection (RCC) and the Provasoli-
Guillard National Center for Marine Algae and Microbiota (NCMA). The strains were all 
isolated from oligotrophic regions and are representative for low and high light adapted 
species in open ocean ecosystems. Ostreococcus sp. strain RCC410 (ecotype clade B or OII) 
and Pelagomonas calceolata strain RCC879 were cultured in K medium based on natural 
oceanic seawater (35 PSU) as described by Keller et al. (1987). Final nutrient concentrations 
in K medium were 50 µmol l-1 NH4, 882 µmol l-1 NO3, and 10 µmol l-1 PO4. Prochlorococcus 
marinus strain CCMP2389 (ecotype MED4) and Prochlorococcus sp. strain RCC407 
(ecotype MIT9313) were cultured in an adjusted version of the K medium, with a ten times 
diluted concentration of trace metals minus copper (K/10-Cu; see Chisholm et al. 1992). 
Final nutrient concentrations in K/10-Cu medium were 50 µmol l-1 NH4 and 10 µmol l-1 



49Temperature acclimation in oceanic phytoplankton

PO4. Cultures were maintained in 100 ml glass Erlenmeyer flasks at 9 μmol photons m-2 
s-1 (Prochlorococcus sp. and P. calceolata) and 68 μmol photons m-2 s-1 (P. marinus and 
Ostreococcus sp.) at a diurnal cycle of 12:12 h light:dark at 20 °C. 

Experimental design

Cultures of P. marinus, Prochlorococcus sp., Ostreococcus sp., and P. calceolata were 
transferred to 500 ml glass Erlenmeyer flasks and incubated in triplicate at 16 °C, 20 °C, 
and 24 °C. Experiments were carried out in a temperature controlled U-shaped lamp setup 
as described by Van de Poll et al. (2007). The temperature in the setup was maintained at 
16 °C, 20 °C, and 24 °C by a thermostat (RK 8 KS, edition 2000, Lauda Dr. R. Wobser & 
Co.) and deviated by less than ± 0.5 °C. During the experiments, 50 μmol photons m-2 s-1 
PAR (Biolux and Skywhite lamps, Osram) was provided as a square wave function with a 
12:12 h light:dark cycle (monitored with a QSL-100, Biospherical Instruments). Prior to the 
experiments, the strains were kept in the exponential growth phase and were acclimated to 
the experimental irradiance and temperature conditions for at least three weeks. Growth and 
maximum quantum yield of photosystem II (PSII) were followed daily starting directly after 
the beginning of the incubation. In the mid-exponential growth phase, the photophysiology of 
the cultures was assessed by analysis of pigments, absorption spectra, and electron transport 
rates. Cell densities during these measurements ranged from 6×106 cells ml-1 in P. marinus 
and Prochlorococcus sp. to 17×106 cells ml-1 in Ostreococcus sp. and 2×106 cells ml-1 in P. 
calceolata. Culturing of Prochlorococcus sp. RCC407 (eMIT9313) at 16 °C and 50 µmol 
photons m-2 s-1 was attempted several times, but this condition exceeded the limit for growth 
of this individual strain. No additional measurements were performed for Prochlorococcus 
sp. under these conditions.

Growth measurements

Samples (1 ml) for cell counts were obtained daily during the exponential growth phase. 
Cell concentrations were determined on a Coulter Epics XL-MCL flow cytometer (Beckman 
Coulter). Growth rates (µ in d-1) of the exponential growth phase were calculated by linear 
regression of natural log-transformed cell numbers for all replicates (≥4 data points per 
replicate). The temperature quotient (Q10) for growth was calculated as (µ

T2
 / µ

T1
)10/(T2–T1), 

where T1 and T2 are 16 and 24 °C, respectively. In addition, cell sizes were estimated by 
calibration of the forward scatter of the flow cytometer (Flow cytometry size calibration Kit 
F-13838, Molecular Probes). 

Pigment composition

Samples (25-30 ml) for pigment analysis were collected during the exponential growth 
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phase for each replicate culture. Samples were filtered onto 25 mm GF/F filters (Whatman), 
snap frozen in liquid nitrogen and stored at -80 °C until further analysis. Pigments were 
quantified using High Performance Liquid Chromatography (HPLC) as described by Hooker 
et al. (2009). In short, filters were freeze-dried for 48 h and pigments were extracted in 3 
ml 90% acetone (v/v, 48 h, 4 °C). Detection of pigments was carried out using an HPLC 
(Waters 2695 separation module, 996 photodiode array detector) equipped with a Zorbax 
Eclipse XDB-C8 3.5 µm column (Agilent Technologies, Inc.). Peaks were identified by 
retention time and diode array spectroscopy. Pigments were quantified using standards (DHI 
LAB products) of chlorophyll a1, chlorophyll a2, chlorophyll b, chlorophyll c2, chlorophyll 
c3, 19-butanoyloxyfucoxanthin, 19-hexanoyloxyfucoxanthin, fucoxanthin, neoxanthin, 
prasinoxanthin, lutein, diadinoxanthin, diatoxanthin, antheraxanthin, violaxanthin, 
zeaxanthin, α-carotene, and β-carotene. From here on, chlorophyll a will refer to chlorophyll 
a2 in P. marinus and Prochlorococcus sp. and to chlorophyll a1 in Ostreococcus sp. and P. 
calceolata. 

Absorption spectra

Samples for phytoplankton pigment absorption spectra were taken during the exponential 
growth phase for each replicate culture. Pigment absorption spectra were determined on a 
Varian Cary 3E UV-Vis spectrophotometer, equipped with an integrating sphere. Spectral 
values of the absorption coefficient were recorded every 1 nm between 350 and 800 nm. 
For analysis, 25-30 ml culture was filtered onto 25 mm GF/F filters (Whatman) and the 
transmission and reflection of the total particulate matter was determined according to 
Tassan & Ferrari (1995). The filter was then extracted in sodium hypochlorite (1% chlorine) 
to remove phytoplankton pigments and measured again to obtain the absorption of non-
pigmented material (detritus). Phytoplankton absorption was calculated (β was set to 2) and 
normalized to chlorophyll a concentrations to obtain the specific absorption coefficient by 
phytoplankton a*ph(λ) (m2 mg Chl-a-1). The spectrally weighted mean specific absorption 
coefficient ā* (m2 mg Chl-a-1) was calculated by:
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where E(λ) is the irradiance used in the incubator during the electron transport rate 
measurements. The blue:red ratio was calculated by dividing the maximum a*ph(λ) between 
350-600 nm by the maximum a*ph(λ) between 650-700 nm.
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Photosystem II fluorescence 

PSII fluorescence analyses were performed on a WATER-PAM chlorophyll fluorometer 
(Waltz GmbH) equipped with a WATER-FT flow-through emitter-detector unit (blue LED) 
and analyzed using WinControl software (version 2.08, Waltz GmbH) according to Maxwell 
& Johnson (2000; and references therein). For daily analysis, the maximum quantum yield of 
PSII (Fv/Fm) was measured for each replicate culture. In addition, the electron transport rate 
(ETR) was recorded for cultures of P. marinus, Prochlorococcus sp., Ostreococcus sp., and 
P. calceolata growing in exponential growth phase at 16 °C (except Prochlorococcus sp.), 
20 °C, and 24 °C.

Maximum quantum yield of photosystem II
For daily analysis, 5-15 ml culture samples were dark-adapted for at least 20 minutes at 16 
°C, 20 °C, or 24 °C. For measurements, the measuring light (frequency 3) was turned on and 
the minimal fluorescence the F0 was recorded. During a saturating light flash (0.6 s, ± 1100 
µmol photons m-2 s-1), the maximum fluorescence in the dark-adapted state, Fm°, was then 
recorded. Fv/Fm was calculated as (Fm° – F0) / Fm°.

Electron transport rates
The ETR was determined by exposing separate culture samples of 3.8 ml to ten different 
irradiance levels ranging from 19.9 to 630.9 µmol photons m-2 s-1 (250 W MHN-TD lamp, 
Philips) in a temperature controlled incubator. After 20 min of exposure, the quantum yield 
of PSII (ΦPSII) was determined by measuring the the steady state fluorescence prior to the 
saturating light flash, Ft, and the maximum fluorescence in the light, Fm’. ΦPSII was calculated 
as (Fm’ – Ft) / Fm

’. The absolute ETR (aETR in mol e- µg Chl-a-1 h-1) for each irradiance level 
was calculated by:

(2)aETR = ΦPSII × E × ā* × 0.5

where E (µmol photons m-2 s-1) is the irradiance level of the incubator, ā* (m2 mg Chl-a-1) is 
the spectrally weighted mean specific absorption coefficient, and 0.5 is a factor accounting 
for the partitioning of energy between photosystem I (PSI) and PSII. aETR versus irradiance 
curves were fitted to the empirical model described by Platt et al. (1980) using LABFit 
software (version 7.2.45, Wilton and Cleide P. Silva) to estimate the maximum aETR 
(ETRmax), the initial aETR (αETR), the photoacclimation index (Eκ), and photoinhibition (βETR). 
If no photoinhibition was present, the aETR versus irradiance curves were fitted to the model 
of Webb et al. (1974) to estimate ETRmax, αETR, and Eκ. The Q10 for ETRmax was calculated as 
(ETRmax,T2

 / ETRmax,T1
)10/(T2–T1).
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Statistical analysis

Differences between the three temperature conditions and differences between species were 
statistically tested by analysis of variance (ANOVA) using STATISTICA software (version 
8.0 and 10.0, StatSoft Inc.). Before analysis, data were tested for normality and homogeneity 
of variances. Differences were considered significant when p < 0.05.

Results

Growth

Temperature had a positive effect on the growth rates of the four oceanic picophytoplankton 
strains (Figure 3.1). Growth rates increased significantly with increasing temperature in the 
prokaryotic species P. marinus (from µ16°C = 0.23 ± 0.02 d-1 to µ24°C = 0.63 ± 0.05 d-1) and 
Prochlorococcus sp. (from µ20°C = 0.17 ± 0.02 d-1 to µ24°C = 0.30 ± 0.02 d-1) (p < 0.005). No 
growth was observed in Prochlorococcus sp. at 16 °C, incubated at an irradiance intensity 
of 50 µmol photons m-2 s-1. Several attempts showed that this Prochlorococcus strain was 
able to grow at 16 °C, but only at lower irradiance intensities (25 µmol photons m-2 s-1, µ 
= 0.12 ± 0.03 d-1). An increasing trend in growth rate with temperature was also found in 
the eukaryotic species. In Ostreococcus sp., the lowest growth rate was found at the lowest 
temperature (µ16°C = 0.69 ± 0.01 d-1) (p < 0.0005), but cultures grown at 20 °C and 24 °C 
showed similar growth rates (µ = 1.09 ± 0.03 and 1.05 ± 0.05 d-1, respectively). The highest 
growth rates in P. calceolata were found at 24 °C (µ = 0.47 ± 0.02 d-1) (p < 0.0005), but no 
difference was found between the growth rates at 16 °C and 20 °C (µ = 0.28 ± 0.01 and 0.30 
± 0.03 d-1, respectively). Overall, Ostreococcus sp. showed the highest growth rates, followed 

Table 3.1 Mean (± standard deviations, n = 3) cell size (diameter in µm) of Prochlorococcus marinus 
eMED4, Prochlorococcus sp. eMIT9313, Ostreococcus sp. clade B, and Pelagomonas calceolata grown at 16 
°C, 20 °C, and 24 °C. abc indicate significant effects of the temperature treatment within each species (p < 0.05). 
n/a: data not available, growth was not observed under the used conditions and no additional measurements were 
performed.

Prochlorococcus
marinus

Prochlorococcus
sp.

Ostreococcus
sp.

Pelagomonas
calceolata

16 °C 0.767 ± 0.001 ab n/a 1.033 ± 0.005 d 2.294 ± 0.047 f

20 °C 0.759 ± 0.002 a 0.848 ± 0.006 c 1.035 ± 0.032 e 2.471 ± 0.017

24 °C 0.756 ± 0.004 b 0.862 ± 0.002 c 0.975 ± 0.011 de 2.553 ± 0.144 f
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by P. marinus, P. calceolata, and Prochlorococcus sp., respectively (p < 0.005). Q10 values 
for growth were 3.59 for P. marinus, 4.41 for Prochlorococcus sp., 1.69 for Ostreococcus sp., 
and 1.96 for P. calceolata. 

Temperature affected the cell size of the picophytoplankton, but this effect was small 
and not uniform among the different strains (Table 3.1). In P. marinus and Ostreococcus sp., 
cell size decreased with increasing temperature by -1.4% (p < 0.05, not significant between 
20 °C and 24 °C) and -5.6% (p < 0.05, not significant between 16 °C and 20 °C), respectively. 
In contrast, in Prochlorococcus sp. and P. calceolata, cell size increased with increasing 
temperature by +1.6% (p < 0.05) and +10.1% (p < 0.05, not significant for 20 °C), respectively. 
Overall, P. calceolata had the largest cell size, followed by the eukaryotic species Ostreococcus 
sp. and the prokaryotic species Prochlorococcus sp. and P. marinus, respectively (p < 0.05). 
No significant relationship was found between temperature induced changes in cell size and 
cellular chlorophyll a concentration, total cellular pigment concentration (data not shown), 
or the spectrally weighted mean specific absorption coefficient.

Figure 3.1 Mean (± standard deviations, n = 3) growth rates (µ) for (a) Prochlorococcus marinus eMED4, (b) 
Prochlorococcus sp. eMIT9313, (c) Ostreococcus sp. clade B, and (d) Pelagomonas calceolata at 16 °C, 20 °C, and 
24 °C. No growth was observed for Prochlorococcus sp. at 16 °C and 50 µmol photons m-2 s-1. * indicate significant 
effects (p < 0.05) of temperature on the growth rate within each species. 
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Pigment composition

Changes in the pigment composition with temperature were most evident in the prokaryotic 
species. In P. marinus and Prochlorococcus sp., the pigments chlorophyll a2 and b, zeaxanthin, 
and α-carotene were identified. The effect of temperature on the pigmentation was similar 
in both Prochlorococcus strains, although differences in Prochlorococcus sp. were not 
significant. The light harvesting pigments, here indicated by the cellular chlorophyll a levels 
and the chlorophyll b/a ratio, increased (3-29%) with increasing temperature (p < 0.05 for P. 
marinus, not significant between 20 °C and 24 °C) (Figure 3.2a,b,d,e). The photoprotective 
pigmentation decreased with increasing temperature (p < 0.001 for P. marinus) (Figure 
3.2c,f). This was especially evident in P. marinus, in which the zeaxanthin to chlorophyll a 
ratio decreased by 33%.

 In the eukaryotic species, the effects of temperature on pigmentation were evident, 
but the observed differences were often not significantly different. In Ostreococcus sp., the 
pigments chlorophyll a and b, prasinoxanthin, neoxanthin, violaxanthin, antheraxanthin, 
zeaxanthin, lutein, and β-carotene were identified. All cellular light harvesting pigment 
concentrations, including chlorophyll a (26%) (Figure 3.2g), increased with temperature in 
Ostreococcus sp., but the ratios per chlorophyll a generally remained unaffected (Figure 
3.2h). The xanthophyll cycle pigment to chlorophyll a ratio (Figure 3.21) and the de-
epoxidation of the xanthophyll pigment cycle (18-32%, data not shown) showed a decreasing 
trend with increasing temperature. The other eukaryotic species P. calceolata contained the 
pigments chlorophyll a, c2, and c3, 19-butanoyloxyfucoxanthin, 19-hexanoyloxyfucoxanthin, 
fucoxanthin, diadinoxanthin, diatoxanthin, and β-carotene. The cellular concentrations of 
these pigments increased with increasing temperatures (chlorophyll a by 23%) (Figure 3.2j), 
except for 19-hexanoyloxyfucoxanthin and β-carotene. The main light harvesting pigments, 
chlorophyll c2, chlorophyll c3, and 19-butanoyloxyfucoxanthin, increased with increasing 
temperature per chlorophyll a (p < 0.05, not significant between 20 °C and 24 °C) (Figure 
3.2k). An increasing trend with increasing temperature was also found for the xanthophyll 
cycle pigment pool (16%, not significant) (Figure 3.2l) and the de-epoxidation state of the 
xanthophyll pigment cycle (22-24%, data not shown).

The pigment composition of the different phytoplankton species were considerably 
different, and are therefore difficult to compare. However, it was clear that the prokaryotic 
species contained the highest levels of photoprotective pigments relative to chlorophyll a (p 
< 0.005) (Figure 3.2, note the differences in scale).

Absorption spectra

No significant effect of temperature was found on the spectrally weighted mean specific 
absorption coefficient (ā*) (Table 3.2). When the different strains were compared, 
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Figure 3.2 Overview of the main light harvesting and photoprotective pigments. Mean (± standard deviation, 
n = 3) cellular chlorophyll a concentrations and the ratios of the main accessory and photoprotective pigments per 
chlorophyll a are given for (a, b, c) Prochlorococcus marinus eMED4, (d, e, f) Prochlorococcus sp. eMIT9313,  
(g, h, i) Ostreococcus sp. clade B, and (j, k, l) Pelagomonas calceolata grown at 16 °C, 20 °C, and 24 °C. For P. 
calceolata, the accessory pigment ratios for chlorophyll c2 and c3 are indicated by white symbols and the pigment 
ratios for 19-butanoyloxyfucoxanthin by black symbols. Abbreviations: Chl-a: chlorophyll a, Chl-a2: chlorophyll 
a2, Chl-b; chlorophyll b, Chl-c2+3: chlorophyll c2+3, 19-but: 19-butanoyloxyfucoxanthin, Zea: zeaxanthin, VAZ: 
violaxanthin, antheraxanthin, and zeaxanthin, Dd: diadinoxanthin, and Dt: diatoxanthin. Note that the scales of the 
pigment concentrations and ratios are different between the panels.
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Prochlorococcus sp. had the highest ā* (p < 0.001), whereas P. marinus had the lowest ā* 
(p < 0.05, except at 16 °C). No significant differences in absorption were found between the 
two eukaryotic species Ostreococcus sp. and P. calceolata and levels of ā* of the eukaryotic 
strains were in between those of P. marinus and Prochlorococcus sp.

 The blue:red ratio remained similar (Prochlorococcus sp.) or decreased somewhat 
with increasing temperature (other strains), but differences were not significant (except for 
P. calceolata between 16 °C and 20 °C, p < 0.05) (Table 3.2). Overall, Prochlorococcus sp. 
had the highest blue:red ratios (p < 0.001). P. marinus, Ostreococcus sp., and P. calceolata 
showed similar ratios at 16 °C, whereas the blue:red ratio was significantly higher in P. 
marinus at higher temperatures (p < 0.005). The blue:red ratio did not differ between the two 
eukaryotic species Ostreococcus sp. and P. calceolata.

Maximum quantum yield of photosystem II

In general, an increase in temperature had a positive, but small (4-8%), effect on the maximum 
quantum yield of PSII (Fv/Fm) (Table 3.3). In P. marinus, the Fv/Fm increased from 16 °C to 
20 °C (p < 0.05), but no other significant differences were observed. In the other prokaryotic 
strain, Prochlorococcus sp., the Fv/Fm increased with increasing temperature (p < 0.005). 
Similar to the results on growth rates, the Fv/Fm in Ostreococcus sp. was significantly lower 
at 16 °C compared with 20 °C and 24 °C (p < 0.005), but similar between 20 °C and 24 
°C. In contrast, Fv/Fm of the other eukaryotic species, P. calceolata, was not affected by 

Table 3.2 Mean (± standard deviations, n = 3) spectrally weighted mean specific absorption coefficient 
ā* (m2 mg Chl-a-1) and the blue:red ratio of the absorption spectra of Prochlorococcus marinus eMED4, 
Prochlorococcus sp. eMIT9313, Ostreococcus sp. clade B, and Pelagomonas calceolata grown at 16 °C, 20 
°C, and 24 °C.  abc indicate significant effects of the temperature treatment within each species (p < 0.05). n/a: 
data not available, growth was not observed under the used conditions and no additional measurements were 
performed.

Prochlorococcus
marinus

Prochlorococcus
sp.

Ostreococcus
sp.

Pelagomonas
calceolata

ā*

 16 °C 0.015 ± 1.38×10-3 n/a 0.019 ± 2.35×10-3 0.017 ± 0.87×10-3

 20 °C 0.013 ± 1.68×10-3 0.033 ± 0.31×10-3 0.018 ± 1.86×10-3 0.018 ± 0.94×10-3

 24 °C 0.013 ± 0.75×10-3 0.033 ± 5.52×10-3 0.017 ± 0.74×10-3 0.019 ± 1.61×10-3

blue:red

 16 °C 2.49 ± 0.39 n/a 2.03 ± 0.09 2.17 ± 0.13a

 20 °C 2.41 ± 0.06 3.60 ± 0.18 1.93 ± 0.03 1.92 ± 0.05a

 24 °C 2.40 ± 0.05 3.59 ± 0.24 1.88 ± 0.01 2.11 ± 0.06
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temperature. Overall, P. marinus showed the highest Fv/Fm values, followed by Ostreococcus 
sp., Prochlorococcus sp., and Pelagomonas calceolata, respectively (p < 0.05, not significant 
at 20 °C).

Electron transport rates

Comparable to the growth rates, the absolute electron transport rates were positively affected 
by temperature in all strains (Figure 3.3). The maximum electron transport rate (ETRmax) 
increased with increasing temperature in Prochlorococcus sp. and Ostreococcus sp. (p < 
0.05) (Figure 3.3a). This trend in ETRmax with temperature was also shown for P. marinus 
and P. calceolata, but differences between the temperatures were small and not significant in 
these strains. Q10 values for ETRmax were 1.10 for P. marinus, 2.35 for Prochlorococcus sp., 
1.62 for Ostreococcus sp., and 1.19 for P. calceolata. The initial electron transport rate (αETR) 
increased significantly at 16 °C compared with 20 °C and 24 °C in P. marinus (p < 0.005), but 
remained similar at higher temperatures (Figure 3.3b). In Prochlorococcus sp., Ostreococcus 
sp., and P. calceolata, αETR was not affected by temperature. The photoacclimation index (Eκ) 
increased with increasing temperature in P. marinus (p < 0.05, not significant between 20 °C 
and 24 °C), Prochlorococcus sp. (p < 0.005), and Ostreococcus sp. (p < 0.05, not significant 
between 16 °C and 20 °C), indicating that these strains were acclimated to higher irradiance 
intensities at elevated temperatures (Figure 3.3c). In P. calceolata, Eκ was not affected by 
temperature. Photoinhibition (βETR) showed a decreasing trend with increasing temperature 
in P. marinus (Figure 3.3d). In Prochlorococcus sp., photoinhibition increased significantly 
at higher temperatures (p < 0.05). No photoinhibition was observed in Ostreococcus sp., 
although the aETR vs. irradiance curves showed significantly lower electron transport rates 
at high irradiance intensities at 16 °C compared with 20 °C and 24 °C (p < 0.05). In P. 
calceolata, photoinhibition remained largely unaffected by changes in temperature.

Table 3.3 Mean (± standard deviations, n = 3) maximum quantum yield of photosystem II (Fv/Fm) of 
Prochlorococcus marinus eMED4, Prochlorococcus sp. eMIT9313, Ostreococcus sp. clade B, and Pelagomonas 
calceolata during exponential growth at 16 °C, 20 °C, and 24 °C. abc indicate significant effects of the 
temperature treatment within each species (p < 0.05). n/a: data not available, growth was not observed under the 
used conditions and no additional measurements were performed.

Prochlorococcus
marinus

Prochlorococcus
sp.

Ostreococcus
sp.

Pelagomonas
calceolata

16 °C 0.599 ± 0.015 a n/a 0.559 ± 0.003 cd 0.527 ± 0.009

20 °C 0.626 ± 0.010 a 0.520 ± 0.012b 0.607 ± 0.010 c 0.524 ± 0.002

24 °C 0.622 ± 0.009 0.559 ± 0.003b 0.597 ± 0.005 d 0.523 ± 0.003
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Figure 3.3 Characteristics of electron transport. Means (± standard deviations, n = 3) of (a) the maximum 
electron transport rate (ETRmax), (b) the initial electron transport rate (αETR), (c) the photoacclimation index (Eκ), 
and (d) photoinhibition (βETR) are given for Prochlorococcus marinus eMED4, Prochlorococcus sp. eMIT9313, 
Ostreococcus sp. clade B, and Pelagomonas calceolata grown at 16 °C, 20 °C, and 24 °C. * indicate significant 
effects (p < 0.05) of temperature on the characteristics of electron transport within each species.
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 The electron transport rates were markedly different between the species (Figure 3.3, 
Figure 3.4). Prochlorococcus sp. and Ostreococcus sp. showed the highest ETRmax, followed 
by P. marinus and P. calceolata (p < 0.05) (Figure 3.3a, Figure 3.4). The latter strain showed 
up to 63% lower electron transport rates compared with the other species. The initial electron 
transport rate was significantly highest in Prochlorococcus sp. (p < 0.001), but similar in P. 
marinus, Ostreococcus sp., and P. calceolata (Figure 3.3b, Figure 3.4). Ostreococcus sp. 
was acclimated to the highest irradiance intensities (p < 0.05, not significantly different from 
P. marinus at 20 °C). P. marinus also showed a high Eκ. Compared with P. marinus and 
Ostreococcus sp., Prochlorococcus sp. and P. calceolata were acclimated to significantly 
lower irradiance intensities (Figure 3.3c, Figure 3.4). Indicated by the acclimation to 
relative low irradiance intensities, Prochlorococcus sp. and P. calceolata showed the highest 
photoinhibition (p < 0.05) (Figure 3.3d, Figure 3.4). P. marinus showed intermediate to low 
levels of photoinhibition, whereas Ostreococcus sp. showed no photoinhibition.

Figure 3.4 Mean (± standard deviations, n = 3) absolute electron transport rate (aETR) vs. irradiance curves 
for (a) Prochlorococcus marinus eMED4, (b) Ostreococcus sp. clade B, (c) Prochlorococcus sp. eMIT9313, and (d) 
Pelagomonas calceolata grown at 24 °C.
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Discussion
It is expected that climate change will mediate a rise in seawater temperature, thereby 
expanding the open oligotrophic oceans (Behrenfeld et al. 2006, Polovina et al. 2008). 
The changes in the onset and break-up of stratification and the mixed layer depth will alter 
nutrient availability and the intensity, spectral composition, and dynamics of phytoplankton 
irradiance exposure (Behrenfeld et al. 2006, Doney 2006). Because temperature plays an 
important role in the geographic distribution of picophytoplankton in open ocean ecosystems 
(Johnson et al. 2006, Moisan et al. 2010, Demir-Hilton et al. 2011) and might influence 
photophysiology (Geider 1987, Davison 1991), it is important to understand how changes in 
temperature affect picophytoplankton performance.

Temperature dependency of growth in relation to geographic distribution

The studied picophytoplankton strains showed a different temperature dependency of growth, 
which is in accordance with their geographical distribution. Growth was positively affected 
by increasing temperatures in the prokaryotic species, with growth rates of P. marinus and 
Prochlorococcus sp. similar to those found in earlier studies (Moore et al. 1995, Johnson 
et al. 2006, Zinser et al. 2007). An optimal temperature for growth was not detected for P. 
marinus and Prochlorococcus sp. during the present study, but earlier studies with these 
strains showed that the optimal temperature for growth is 24 °C for P. marinus and 28 °C 
for Prochlorococcus sp. (Moore et al. 1995, Johnson et al. 2006, Zinser et al. 2007). The 
cold tolerance of Prochlorococcus sp. is around 16 °C (present study, Zinser et al. 2007), 
although this specific low light adapted strain of Prochlorococcus (eMIT9313) is detected 
at lower temperatures in the Atlantic Ocean (Zinser et al. 2007). It has been suggested 
that the occurrence of eMIT9313 in waters below the minimum temperature for sustained 
growth could be explained by the occurrence of genetic variants within the ecotype or by the 
detection of dying cells that are recently exposed to low temperatures (Zinser et al. 2007). 
However, the present study showed that growth of Prochlorococcus sp. is possible at 16 
°C, but at lower irradiance intensities (25 vs. 50 µmol photons m-2 s-1). This suggests that 
temperature has a strong effect on the photoacclimation potential of Prochlorococcus sp. and 
would possibly explain the observed distribution of this strain in cold, relatively deep (i.e. 
low irradiance intensities) waters. 

For the eukaryotic picophytoplankton species Ostreococcus sp. and P. calceolata, the 
temperature dependency of growth has not been studied before. In general, growth rates 
of Ostreococcus sp. are similar to those found in earlier studies (Rodriguez et al. 2005, 
Kulk et al. 2011). In the present study, the optimal growth temperature of Ostreococcus 
sp. was found between 20 °C and 24 °C. This is consistent with the observation that this 
ecotype of Ostreococcus sp. (clade B or OII) is detected in oceanic waters with a mean 
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temperature of 22 ± 3 °C, but remains undetected at higher temperatures around 26 ± 3 °C 
(Demir-Hilton et al. 2011). Thus, it seems that Ostreococcus sp. is a more temperate species 
compared with P. marinus and Prochlorococcus sp. The growth rates of P. calceolata are 
somewhat lower compared with another strain of P. calceolata (Dimier et al. 2009a). This 
difference in growth rate is most likely strain specific, as other cell characteristics, such as 
the 19-butanoyloxyfucoxanthin concentration, are also considerably different between the 
two strains of P. calceolata (present study, Dimier et al. 2009a). No optimal temperature for 
growth was observed in this study for P. calceolata, suggesting that the temperature optimum 
is above 24 °C. This is in accordance with the geographic origin of this strain and other P. 
calceolata strains in the Pacific Ocean (Le Gall et al. 2008), with sea surface temperatures 
reaching up to 26 °C. It is likely that the optimal temperature for growth of P. calceolata is 
somewhere between 24 °C and 26 °C, as small changes above the optimal temperature would 
have a negative effect on survival because of the rapid decrease of growth and photosynthesis 
above this temperature (Eppley 1972, Li 1985, Davison 1991).

Generally, phytoplankton growth doubles with every 10 °C before reaching the optimal 
temperature, representing a Q10 of ~2 (Eppley 1972, Raven & Geider 1988). Although there 
are reservations on the use of Q10 (Ahlgren 1987, Berges et al. 2002), it is a useful parameter 
in the comparison of the effect of temperature between different phytoplankton species. The 
Q10 values for growth were considerably different between the four picophytoplankton strains 
used in the present study. The prokaryotic species showed almost double the values found for 
the eukaryotic species, suggesting that the two Prochlorococcus strains benefit more from an 
increase in temperature below the optimal temperature for growth than Ostreococcus sp. and 
P. calceolata. 

Effect of temperature on picophytoplankton photophysiology

The overall photophysiology and the photoacclimation potential of P. marinus, Prochlorococcus 
sp., Ostreococcus sp., and P. calceolata are primarily defined by the genetic differences of the 
specific ecotypes (Moore et al. 1998, Rodriguez et al. 2005).  The strains used in the present 
study represent low and high light adapted ecotypes of the picophytoplankton community.  
Based on the comparison of light dependent growth, pigmentation, and absorption properties, 
Prochlorococcus sp. and P. calceolata are typified as low light adapted (present study, Moore et 
al. 1998), whereas P. marinus and Ostreococcus sp. are adapted to higher irradiance intensities 
(Moore et al. 1995, Demir-Hilton et al. 2011, Kulk et al. 2011). In response to elevated 
temperatures, the four picophytoplankton strains extended their light harvesting capacity 
by an increase in cellular chlorophyll a concentrations. In P. marinus, Prochlorococcus sp., 
and Ostreococcus sp. this was accompanied by a decrease in photoprotective pigmentation. 
These changes in the light harvesting complex associated with temperature acclimation are 
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comparable to those found for other phytoplankton species (Geider 1987, Davison 1991), 
such as Chlorella vulgaris (Wilson & Huner 2000) and Thalassiosira pseudonana (Stramski 
et al. 2002). The increase in cellular chlorophyll a concentrations is typically associated with 
a decrease in light absorption due to changes in pigment packaging (Geider 1987, Stramski 
et al. 2002, Hancke et al. 2008). However, the effect of temperature on the absorption 
properties of P. marinus, Prochlorococcus sp., Ostreococcus sp., and P. calceolata was small. 
It is possible that the changes in light absorption are restricted by the relatively small effect 
of pigment packaging in picophytoplankton compared with larger phytoplankton species 
(Bricaud et al. 1999). 

The increase in electron transport at higher temperatures corresponds well to the 
increase in light harvesting in P. marinus, Prochlorococcus sp., Ostreococcus sp., and P. 
calceolata. Although the idea that electron transport is sensitive to changes in temperature 
(caused by changes in membrane fluidity) (Geider 1987, Davison 1991) was confirmed, 
the increase in electron transport could not fully explain the increase in growth at high 
temperatures (Q10 of 1.10-2.35 vs. 1.69-4.41). This suggests that processes other than 
electron transport, such as Calvin Cycle activity or DNA replication (Geider 1987), are 
likely to limit growth at sub-optimal temperatures in these picophytoplankton strains. The 
electron transport characteristics showed enhanced photoacclimation to higher irradiance 
intensities at elevated temperatures for P. marinus, Prochlorococcus sp., Ostreococcus sp., 
and P. calceolata. This was also evident from the increase in the maximum quantum yield 
of PSII, which related well to earlier observations (Fu et al. 2007, Six et al. 2008, Dimier et 
al. 2009a). The enhanced photoacclimation was accompanied by a reduced photoinhibition 
in P. marinus, Ostreococcus sp., and P. calceolata, suggesting that picophytoplankton are 
less susceptible to the negative effects of high irradiance intensities at higher temperatures. 
This has also been found in larger phytoplankton species, such as the diatom species 
Chaetoceros gracilis, T. pseudonana, and T. weissflogii (Sobrino & Neale 2007, Halac et 
al. 2010, Helbling et al. 2011). Reduced levels of photoinhibition may be associated with 
enhanced enzymatic conversions of the xanthophyll pigment cycle (Demmig-Adams & 
Adams 1992), enhanced D1 repair (Bouchard et al. 2006), and the potential enhancement of 
Rubisco activity (Helbling et al. 2011). Further study is neccessary to confirm whether these 
processes are also involved in temperature acclimation in P. marinus, Prochlorococcus sp., 
Ostreococcus sp., and P. calceolata.

The overall photophysiology of P. marinus, Prochlorococcus sp., Ostreococcus sp., and 
P. calceolata moved towards the use of higher irradiance intensities to support the enhanced 
growth rates at higher temperatures. These changes in photophysiology during temperature 
acclimation will possibly broaden the (depth) distribution of P. marinus, Prochlorococcus 
sp., Ostreococcus sp., and P. calceolata by the positive effect of temperature on the response 
to high irradiance intensities. However, the genetically defined photosynthetic characteristics 
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of the different ecotypes (i.e. low or high light adaptation) will be more pronounced on 
picophytoplankton distribution and community composition. 

Use of photosystem II fluorescence analysis

Although PSII fluorescence analysis is a readily available technique in both laboratory and 
field studies, it should be interpreted with care for assessing differences between species. 
The relationship between different phytoplankton strains based on growth or measurements 
of productivity by a 14C incorporation technique (present study, Kulk et al. 2011) is different 
from the relationship based on electron transport, especially in Prochlorococcus sp. The 
comparison of electron transport rates between species is highly influenced by photosystem 
stoichiometry. In the calculation of the absolute electron transport rates, it is assumed that the 
distribution of absorbed light between PSI and PSII is equal, i.e. a PSI:PSII of 1. Assuming 
that Prochlorococcus sp. (eMIT9313) has a PSI:PSII of around 2 (Bibby et al. 2003) and 
Ostreococcus sp. has a ratio of 0.39 (Cardol et al. 2008), the electron transport rates reported 
here might be overestimated by 50% in Prochlorococcus sp. and underestimated by 44% 
in Ostreococcus sp. This would affect the maximum and initial rate of electron transport 
considerably, but not the photoacclimation index. When the effect of temperature within a 
specific species is considered, photosystem stoichiometry might be less important. Although 
it is known that temperature can affect PSII reaction center size and abundance (Davison 
1991, Wilson & Huner 2000), the relative amounts of PSI and PSII seems insensitive to 
changes in temperature (Wilson & Huner 2000). In addition to photosystem stoichiometry, 
the absorption by non-photosynthetic pigments might overestimate electron transport 
(Bidigare et al. 1990, Suggett et al. 2003), especially in Prochlorococcus spp. because of 
the high levels of zeaxanthin. Moreover, the presence of alternative electron pathways can 
overestimate linear electron transport (for a review see Cardol et al. 2011). In both prokaryotic 
and eukaryotic oceanic phytoplankton, the PTOX-based water to water cycle is an important 
alternative electron pathway that limits the electron flow downstream of PSII (Bailey et al. 
2008, Cardol et al. 2008, Mackey et al. 2008). This may have a considerable effect on the 
estimation of productivity or growth from electron transport rates, but it is unknown to what 
extent the comparison of electron transport rates between different species is influenced.

Conclusions

The differences in the optimal temperatures for growth of P. marinus, Prochlorococcus 
sp., Ostreococcus sp., and P. calceolata related well to the geographic distribution of these 
picophytoplankton strains. Although temperature and irradiance are important factors 
in picophytoplankton community composition and distribution in oligotrophic oceans 
(Johnson et al. 2006, Zinser et al. 2007, Demir-Hilton et al. 2011), these factors are difficult 
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to distinguish in field studies. Here, it was shown that both prokaryotic and eukaryotic 
picophytoplankton may benefit from the altered photophysiology at elevated temperatures, 
with a higher light harvesting capacity and reduced photoinhibition. It is likely that these 
changes in photophysiology may alter the depth distribution of the picophytoplankton to 
some extent, but photophysiology remains highly influenced by the specific photoadaptation 
of different ecotypes. In addition to temperature and irradiance, nutrient availability may 
play a significant role in the (photo)physiology and distribution of oceanic phytoplankton 
(Agawin et al. 2000, Behrenfeld et al. 2006, Zinser et al. 2007). It is therefore necessary 
to assess the effects of nutrient availability on picophytoplankton performance for further 
interpretation of the expected changes associated with climate change on picophytoplankton 
distribution and community composition in open ocean ecosystems.
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Abstract
Climate change will mediate a rise in seawater temperature and may simultaneously 
increase the average irradiance conditions in the upper oligotrophic ocean. This could have 
considerably effects on oceanic ecosystems, since high photosynthetically active radiation 
(PAR, 400-700 nm) and ultraviolet radiation (UVR, 280-400) may reduce photosynthesis and 
viability in oceanic picophytoplankton. In the present study, the temperature-dependence of 
excessive irradiance induced photoinhibition and photoregulation were studied in different 
oceanic picophytoplankton species. To this end, two prokaryotic strains (Prochlorococcus sp. 
eMIT9313 and Prochlorococcus marinus eMED4) and two eukaryotic strains (Ostreococcus 
sp. clade B and Pelagomonas calceolata) were acclimated to three different growth 
temperatures and exposed to high PAR, with and without UVR. The response to excessive 
irradiance exposure was assessed by photosystem II fluorescence analysis to determine non 
photochemical quenching (NPQ). Relaxation analyses of NPQ were performed to discriminate 
photoinhibition and photoprotective processes. In addition, photoprotection was assessed 
by pigment analysis. Results demonstrated that both the prokaryotic and the eukaryotic 
picophytoplankton strains were susceptible to photoinhibition. Ostreococcus sp. showed 
highest levels of photoprotection with an effective de-epoxidation of xanthophyll pigment 
cycle. Temperature acclimation influenced the response to excessive irradiance exposure by 
species specific changes in the relative contribution of photoinhibition and photoprotective 
processes to NPQ. Acclimation to elevated temperatures decreased photoinhibition in P. 
marinus and P. calceolata, whereas the dissipation of excess energy increased in P. marinus 
and Prochlorococcus sp. Elevated temperatures also partially counteracted the UVR-
induced PSII photoinhibition in all strains, except Prochlorococcus sp. Overall, specific 
picophytoplankton groups have different sensitivities to high PAR and UVR and this may 
have a significant impact on phytoplankton species distribution and community composition 
in the open oligotrophic oceans. 
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Introduction 
The phytoplankton community of open oligotrophic oceans is dominated by prokaryotic 
Prochlorococcus spp., Synechococcus spp., and eukaryotic pico- and nanophytoplankton 
(Li 1994, DuRand et al. 2001, Worden et al. 2004). The competitive success of these 
phytoplankton species depends on different factors, including the response to the (dynamic) 
irradiance conditions encountered in the water column. With the occurrence of different 
ecotypes, picophytoplankton species such as Prochlorococcus spp., Synechococcus spp., 
and Ostreococcus spp. can grow over a broad range of irradiance conditions (Moore et al. 
1998, Moore & Chisholm 1999, Fuller et al. 2003, Rodriguez et al. 2005). For example, 
the low light adapted ecotypes of Prochlorococcus spp. are well adapted to the irradiance 
intensity and spectral composition of the deep chlorophyll maximum with high chlorophyll 
b/a ratios and low optimal growth irradiances (Moore et al. 1995, Moore et al. 1998, Moore 
& Chisholm 1999). In contrast, the high light adapted ecotypes of Prochlorococcus spp. can 
competitively grow in the (upper) mixed layer with low chlorophyll b/a ratios and higher 
optimal growth irradiances (Moore et al. 1995, Moore et al. 1998, Moore & Chisholm 1999). 
Similar differences in pigmentation, absorption, and photosynthetic characteristics have been 
found in ecotypes of marine Synechococcus spp. (Barlow & Alberti 1985, Six et al. 2007b, 
Kulk et al. 2011) and Ostreococcus spp. (Rodriguez et al. 2005, Cardol et al. 2008, Six et al. 
2008). In addition to the genetically defined (photo)physiology of the different ecotypes, the 
photoacclimation potential of specific (pico)phytoplankton species may play an important 
role in the response to (dynamic) irradiance conditions (Kulk et al. 2011).

Phytoplankton irradiance exposure is strongly influenced by physical processes in the 
ocean (Kirk 2010). During stratification, phytoplankton can be trapped in a shallow upper 
mixed layer, thereby enhancing exposure to photosynthetically active radiation (PAR, 400-
700 nm) and ultraviolet radiation (UVR, 280-400 nm), or can experience limiting irradiance 
conditions at the deep chlorophyll maximum. In seasonally stratified regions, the period of 
stratification is interchanged with periods of deep convective mixing that can reach below 
the euphotic zone. This causes a strong reduction in the daily experienced irradiance, with 
occasional interruptions of excessive irradiance exposure. Consequently, phytoplankton 
irradiance exposure in open ocean ecosystems can vary by several orders of magnitude on a 
time scale ranging from seconds to days. Moreover, short wavelength solar radiation (UVB, 
280-315 nm) can penetrate to significant depths in clear oligotrophic waters (Boelen et al. 
1999, Dishon et al. 2012). 

High irradiance exposure may have considerable effects on photosynthesis and 
viability in oceanic picophytoplankton species such as Prochlorococcus spp., Synechococcus 
spp., and Ostreococcus spp. (Agustí & Llabrés 2007, Six et al. 2007a, Six et al. 2009). When 
residing near the surface, picophytoplankton can experience irradiance intensities that exceed 



70 Chapter 4

photosynthetic requirements. Exposure to excessive PAR and UVR causes photoinhibition, 
a process in which an over-reduction of the photosynthetic electron transport chain reduces 
photosynthetic efficiency by a decrease in functional photosystem II (PSII) reaction centers 
(Aro et al. 1993). Moreover, prolonged exposure to excessive irradiance can lead to the 
uncontrolled formation of reactive oxygen species and viability loss (Gechev et al. 2006, Van 
de Poll et al. 2006). To prevent photoinhibition and viability loss during excessive irradiance 
exposure, phytoplankton regulate light harvesting and other photosynthetically important 
processes. In prokaryotic species, the utilization of light harvesting energy can be regulated 
by state transitions, in which the light harvesting antenna of the phycobillisome (PBS) is 
redistributed between the reaction centers of photosystem I (PSI) and PSII (Campbell et 
al. 1998, Bailey & Grossman 2008). In addition, light harvesting energy can be regulated 
by the thermal dissipation of excess energy. This photoprotective process can occur within 
seconds after irradiance changes in both prokaryotic and eukaryotic phytoplankton species, 
but the underlying mechanisms are considerably different. In eukaryotic species, the thermal 
dissipation of excess energy involves the xanthophyll pigment cycle. Epoxidized xanthophyll 
cycle pigments assist in light harvesting, whereas de-epoxidized equivalents dissipate excess 
energy in the form of heat (Olaizola et al. 1994). In PBS containing cyanobacteria, the 
thermal dissipation of excess energy involves the orange carotenoid protein (Wilson et al. 
2006, Bailey & Grossman 2008). In Prochlorococcus spp., these proteins are not observed 
and the underlying mechanism remains unknown (Bailey et al. 2005, Bailey & Grossman 
2008). In addition to the regulation of light harvesting, photoinhibition and viability loss may 
be avoided by the increase of photochemical quenching by enhancing alternative electron 
transport and (non-)enzymatic scavenging of reactive oxygen species (Häder et al. 2007, 
Raven 2011). Simultaneously, phytoplankton can counteract the effects of photoinhibition by 
photorepair, a process in which damaged D1 proteins are removed from PSII and replaced by 
newly synthesized D1 proteins (Aro et al. 1993).

Although it has previously been reported that temperature may have a positive effect 
on the survival of picophytoplankton under high irradiance conditions (Alonso-Laita & Agustí 
2006), no direct assessment of the temperature-dependency of photoregulation during high 
PAR and UVR exposure is available for this specific phytoplankton group. A recent study 
showed that both prokaryotic and eukaryotic picophytoplankton may be less susceptible 
to the negative effects of high irradiance intensities at elevated temperatures (Kulk et al. 
2012). In the prokaryotic species Prochlorococcus spp. (eMED4 and eMIT9313) and the 
eukaryotic species Ostreococcus sp. (clade B) and Pelagomonas calceolata, acclimation 
to elevated temperatures enhanced photoacclimation to higher irradiance intensities and 
reduced photoinhibition (Kulk et al. 2012). This has also been found in larger phytoplankton 
species, such as the diatom species Chaetoceros gracilis, Thalassiosira pseudonana, and 
Thalassiosira weissflogii (Sobrino & Neale 2007, Halac et al. 2010, Helbling et al. 2011). 
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In cyanobacteria and eukaryotic nanophytoplankton, reduced levels of photoinhibition at 
elevated temperatures may be associated with enhanced rates of state transitions (Bailey 
& Grossman 2008), enhanced enzymatic conversions of the xanthophyll pigment cycle 
(Demmig-Adams & Adams 1992), enhanced D1 repair (Bouchard et al. 2006), and the 
potential enhancement of Rubisco activity (Helbling et al. 2011). However, the potential role 
of these photoregulating mechanisms at elevated temperatures remains unknown in oceanic 
picophytoplankton.  

In the present study, a comparative analysis of the high irradiance sensitivity of oceanic 
picophytoplankton was performed to study the combined effect of elevated temperatures and 
irradiance levels near the surface of open oligotrophic oceans. To this end, two prokaryotic 
and two eukaryotic strains were acclimated to 16 °C, 20 °C, and 24 °C, after which they were 
exposed to a single high PAR dose, with and without UVR. The response to and the recovery 
after high irradiance exposure was assessed by analysis of PSII fluorescence and pigmentation 
in order to investigate immediate photoinhibition and photoprotective processes. The results 
are discussed in the context of differences between oceanic picophytoplankton species 
and are used to unravel the importance of photoinhibition in structuring the phytoplankton 
community in open oligotrophic oceans.

Method

Culture conditions

Cultures were obtained from the Roscoff Culture Collection (RCC) and the Provasoli-
Guillard National Center for Marine Algae and Microbiota (NCMA). The strains were all 
isolated from oligotrophic regions and are representative for low light (LL) and high light 
(HL) adapted species in open ocean ecosystems. Prochlorococcus marinus strain CCMP2389 
(ecotype MED4, HL) and Prochlorococcus sp. strain RCC407 (ecotype MIT9313, LL) were 
cultured in K/10-Cu medium based on natural oceanic seawater as described by Chisholm et 
al. (1992). Ostreococcus sp. strain RCC410 (clade B, LL) and Pelagomonas calceolata strain 
RCC879 (LL) were cultured in K medium as described by Keller et al. (1987). Cultures were 
maintained in 100 ml glass Erlenmeyer flasks at 9 µmol photons m-2 s-1 (Prochlorococcus sp. 
and P. calceolata) and 68 μmol photons m-2 s-1 (P. marinus and Ostreococcus sp.) in a diurnal 
cycle of 12:12 h light:dark at 20 °C. 

Experimental design

Cultures of P. marinus, Prochlorococcus sp., Ostreococcus sp., and P. calceolata were 
transferred to 500 ml glass Erlenmeyer flasks and incubated in triplicate at 16 °C, 20 °C, 
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and 24 °C. Experiments were carried out in a temperature controlled U-shaped lamp setup 
as described by Van de Poll et al. (2007). The temperature in the setup was maintained at 
16 °C, 20 °C, and 24 °C by a thermostat (RK 8 KS, edition 2000, Lauda Dr. R. Wobser 
& Co.) and deviated less than ±0.5 °C. During the experiments, 50 μmol photons m-2 s-1 
PAR (Biolux and Skywhite lamps, Osram) was provided as a square wave function with 
a 12:12 h light:dark cycle (monitored with a QSL-100, Biospherical Instruments). Prior to 
the experiments, the picophytoplankton strains were kept in exponential growth phase and 
acclimated to the experimental irradiance and temperature conditions for at least three weeks. 
In mid-exponential growth phase, the response to high photosynthetically active radiation 
(PAR, 400-700 nm), with and without ultraviolet radiation (UVR, 280-400 nm), was assessed 
at growth temperature by pigment and PSII chlorophyll fluorescence analysis. To this end, 
200 ml of each replicate culture was exposed to high PAR and PAR+UVR for 10 min in a 
temperature controlled (RTE-211, Neslab Instruments Inc.) irradiance set-up at 16 °C, 20 
°C, or 24 °C. The irradiance set-up provided ±500 µmol photons m-2 s-1 by a 250 W MHN-
TD lamp (Philips) and two 20 W TL/12 UVB fluorescent lamps (Philips), in which the PAR 
and PAR+UVR conditions were obtained by using the long pass filters GG395 and WG305 
(Schott AG, Mainz), respectively (Table 4.1). Prior to exposure (t = 0), samples for the 
analysis of pigmentation and the maximum quantum yield of PSII (Fv/Fm) were collected and 
measured as described below. After exposure, treated culture samples were transferred to dim 
light conditions at growth temperature (16 °C, 20 °C or 24 °C). Subsequently, samples for the 
analysis of pigmentation were taken at t = 10, 20, and 40 min and recovery of the quantum 
yield of PSII (ФPSII) was determined at t = 10, 15, 20, 25, 30, 35, 40, 60, 80, and 100 min for 
both PAR and PAR+UVR treated cultures. Culturing of Prochlorococcus sp. at 16 °C and 50 
µmol photons m-2 s-1 was attempted several times, but this condition exceeded the limit for 
growth of this individual strain. No measurements were performed for Prochlorococcus sp. 
under these conditions.

Table 4.1 Doses (W m-2) for photosynthetically active 
radiation (PAR, 400-700 nm) and ultraviolet radiation A 
(UVA, 315-400 nm) and B (UVB, 290-315 nm) are given for 
the PAR and PAR+UVR treatments during the experiments. 
Total irradiance intensity was ± 500 µmol photons m-2 s-1 in 
both treatments.

PAR PAR+UVR

PAR 172 157

UVA 8.69 15.3

UVB 0.05 1.79
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Photosystem II chlorophyll fluorescence characteristics

PSII fluorescence analyses were performed on a WATER-PAM chlorophyll fluorometer 
(Waltz GmbH) equipped with a WATER-FT flow-through emitter-detector unit and analyzed 
using WinControl software (version 2.08, Waltz GmbH) according to Maxwell & Johnson 
(2000, and references therein). Prior to exposure to PAR and PAR+UVR (t = 0), 5-15 ml 
culture samples were dark-adapted for 20 min at 16 °C, 20 °C, or 24 °C. For analysis, the 
measuring light was turned on and F0 was recorded as the minimal fluorescence. During 
a saturating light flash, Fm° was then recorded as the maximum fluorescence in the dark-
adapted state. The maximum quantum yield of PSII (Fv/Fm) was calculated as (Fm° – F0) 
/ Fm°. After exposure (t = 10-100), the quantum yield of PSII (ΦPSII) was determined by 
measuring Ft as the steady state fluorescence prior to the saturating light flash and Fm’ as the 
maximum fluorescence in the light. ΦPSII was calculated as (Fm’ – Ft) / Fm’.  From the Fv/Fm 
measurements at t = 0 and the ΦPSII measurements at t = 10, total non photochemical quenching 
(NPQ) was calculated as (Fm° – Fm’) / Fm’. Relaxation analysis was performed to estimate 
the contribution of slowly and rapidly relaxing non photochemical quenching. Relaxation of 
NPQ on a time scale of minutes is associated with photoprotective processes such as state 
transitions, relaxation of the xanthophyll pigment cycle or other forms of thermal dissipation 
(Walters & Horton 1991, Demmig-Adams & Adams 1992, Maxwell & Johnson 2000). 
Processes that relax over a longer period of time (hours) are referred to as photoinhibition, 
i.e. damage to the reaction centers of PSII (Osmond 1994, Maxwell & Johnson 2000). To 
estimate photoprotection and photoinhibition, the recorded Fm’ was corrected for baseline 
quenching by subtracting F0 and was log transformed for further analysis. Transformed Fm’ 
values of the final 60 min of the ФPSII recovery curve were extrapolated to calculate the value 
of Fm‘ that would had been attained if only slowly relaxing quenching was present in the light 
(Fm

r). Slow relaxing non photochemical quenching (NPQS) was then calculated as (Fm° – Fm
r) 

/ Fm
r and fast relaxing non photochemical quenching (NPQF) as (Fm° / Fm’) – (Fm° – Fm

r). In 
addition, the contribution of UVR to the decrease in quantum yield of PSII during irradiance 
exposure was calculated as (ΦPSII,PAR – ΦPSII,PAR+UVR ) / ΦPSII,PAR × 100 (Villafañe et al. 2004).

Pigment composition

Samples (25-30 ml) for untreated (t = 0), PAR treated (t = 10, 20, 40), and PAR+UVR  (t = 
10, 20, 40) treated cultures were filtered onto 25 mm GF/F filters (Whatman), snap frozen in 
liquid nitrogen, and stored at -80 °C until further analysis. Pigments were quantified using 
High Performance Liquid Chromatography (HPLC) as described by Hooker et al. (2009). In 
short, filters were freeze-dried for 48 h and pigments were extracted in 3 ml 90% acetone (v/v, 
48 h, 4 °C). Detection of pigments was carried out using a HPLC (Waters 2695 separation 
module, 996 photodiode array detector) equipped with a Zorbax Eclipse XDB-C8 3.5 µm 
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column (Agilent Technologies, Inc.). Peaks were identified by retention time and diode array 
spectroscopy. Pigments were quantified using standards (DHI LAB products) of chlorophyll 
a1, chlorophyll a2, diadinoxanthin (Dd), diatoxanthin (Dt), violaxanthin (Vio), antheraxanthin 
(Ant), and zeaxanthin (Zea). From here on, chlorophyll a will refer to chlorophyll a2 in P. 
marinus and Prochlorococcus sp. and to chlorophyll a1 in Ostreococcus sp. and P. calceolata. 
The de-epoxidation state (DPS) of the xanthophyll pigment cycle was calculated as (Ant + 
Zea) / (Vio + Ant + Zea) for Ostreococcus sp. and as Dt / (Dd + Dt) for P. calceolata. In 
addition to the DPS, the rate of de-epoxidation of the xanthophyll pigment cycle (kDPS in 
min-1) was estimated as the increase in DPS during exposure to high PAR and PAR+UVR 
(Dimier et al. 2009b).

Statistical analysis

All measurements were performed for triplicate cultures (n = 3) at each temperature. 
Differences between the three temperature conditions, differences between irradiance 
treatments, and differences between species were statistically tested by analysis of variance 
(ANOVA) using STATISTICA software (version 8.0 and 10.0, StatSoft Inc.). Before analysis, 
data were tested for normality and homogeneity of variances. Differences were considered 
significant when p < 0.05.

Results

Non photochemical quenching and photosystem II recovery

P. marinus, Prochlorococcus sp., Ostreococcus sp., and P. calceolata all showed non 
photochemical quenching (NPQ) upon exposure to high PAR, with and without UVR (Figure 
4.1). The effect of temperature on NPQ was most pronounced in the prokaryotic strains 
P. marinus and Prochlorococcus sp. (Figure 4.1). Although total NPQ did not change with 
temperature in P. marinus, the proportion of slow and fast non photochemical quenching 
changed significantly. Slow relaxing non photochemical quenching (NPQS) decreased with 
increasing temperature (p < 0.05, not significant between 20 °C and 24 °C), whereas fast 
relaxing non photochemical quenching (NPQF) increased significantly with increasing 
temperature (p < 0.05). In Prochlorococcus sp., total NPQ increased from 20 °C to 24 
°C (Figure 4.1). The proportion of NPQS and NPQF was also affected by temperature in 
Prochlorococcus sp., with a significant increase in NPQF with increasing temperature (p < 
0.05) and unchanged levels of NPQS. In the eukaryotic species Ostreococcus sp., temperature 
had no effect on NPQ (Figure 4.1). In P. calceolata, total NPQ decreased with increasing 
temperature (p < 0.05, not significant between 20 °C and 24 °C). This was associated with a 
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decrease in NPQS with increasing temperature (p < 0.05, not significant between 16 °C and 
20 °C), whereas NPQF remained unaffected by temperature.

The spectral composition of the irradiance treatment influenced non photochemical 
quenching and the recovery of the quantum yield of PSII (ΦPSII) considerably in the 
prokaryotic strains (Figure 4.1, Figure 4.2). In both P. marinus and Prochlorococcus sp., 
total NPQ and NPQS were significantly higher during exposure to PAR+UVR compared with 
PAR, whereas NPQF decreased significantly during exposure to UVR (p < 0.05) (Figure 4.1). 
In Prochlorococcus sp., this was associated with almost no recovery of ΦPSII after exposure to 
PAR+UVR (Figure 4.2). In the eukaryotic species Ostreococcus sp., the spectral composition 
of the irradiance treatment did not have a significant effect on NPQ (Figure 4.1). However, 

Figure 4.1 Non photochemical quenching. Mean (± standard deviation, n = 3) (a-d) total non photochemical 
quenching (NPQ), (e-h) slow relaxing NPQ (NPQS), and (i-l) fast relaxing NPQ (NPQF) are given for Prochlorococcus 
marinus eMED4, Prochlorococcus sp. eMIT9313, Ostreococcus sp. clade B, and Pelagomonas calceolata at 16 °C, 
20 °C and 24 °C. The picophytoplankton strains were exposed to high photosynthetically active radiation (PAR, 
white bars) and high PAR with ultraviolet radiation (PAR+UVR, grey bars) for 10 minutes. Significant effects (p < 
0.05) of the growth temperature (*) and the spectral composition of the irradiance treatment (“) are indicated.
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recovery of ΦPSII in Ostreococcus sp. was lower after exposure to PAR+UVR compared 
with PAR (significant for t = 60-100, p < 0.05, Figure 4.2). In P. calceolata, exposure to 
PAR+UVR significantly increased NPQS and decreased NPQF (p < 0.05), but total NPQ 
remained unaffected by the spectral composition of the irradiance treatment (Figure 4.1). P. 
calceolata showed no recovery of ΦPSII after exposure to PAR+UVR (Figure 4.2).

Comparison of NPQ between the different picophytoplankton strains demonstrated 
significantly lower total NPQ in the prokaryotic species P. marinus and Prochlorococcus sp. 
compared with the eukaryotic species Ostreococcus sp. and P. calceolata (p < 0.05) (Figure 
4.1). In P. calceolata, NPQS was significantly higher compared with the other species (p < 
0.05, not significant at 24 °C). P. marinus and Prochlorococcus sp. showed intermediate 
levels of NPQS, whereas Ostreococcus sp. showed significantly lowest NPQS (p < 0.05, not 
significant at 24 °C). The relative low levels of NPQS in Ostreococcus sp. were accompanied 
by significantly higher NPQF compared with the other species (p < 0.005). No differences in 
NPQF were found between P. marinus, Prochlorococcus sp., and P. calceolata.

Figure 4.2 Recovery of photosystem II (PSII) after high irradiance exposure. Mean (± standard deviation, n = 
3) quantum yield of PSII (ΦPSII in % of Fv/Fm) during and after exposure to high irradiance for (a) Prochlorococcus 
marinus eMED4, (b) Ostreococcus sp. clade B, (c) Prochlorococcus sp. eMIT9313, and (d) Pelagomonas calceolata 
acclimated to 20 °C. The picophytoplankton strains were exposed to high photosynthetically active radiation (PAR, 
white symbols) and high PAR with ultraviolet radiation (PAR+UVR, black symbols) for 10 minutes (light grey 
area). 
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Table 4.2 Mean (± standard deviations, n = 3) inhibition by ultraviolet radiation (% of photosynthetically 
active radiation treatment) after 10 min high irradiance exposure in Prochlorococcus marinus eMED4, 
Prochlorococcus sp. eMIT9313, Ostreococcus sp. clade B, and Pelagomonas calceolata acclimated to 16 °C, 
20 °C, and 24 °C. abc indicate significant effects of the temperature treatment within each species. n/a: data not 
available, growth was not observed under the used conditions and no additional measurements were performed.

Prochlorococcus
marinus

Prochlorococcus
sp.

Ostreococcus
sp.

Pelagomonas
calceolata

16 °C 66.4 ± 3.9 a n/a 24.5 ± 18.1 100.0 ± 0.0

20 °C 55.6 ± 4.9 97.9 ± 3.6 5.3 ± 5.4 97.3 ± 4.7

24 °C 49.5 ± 4.8 a 97.3 ± 3.8 13.0 ± 5.5 77.0 ± 20.7

Inhibition of photosystem II by ultraviolet radiation

The inhibition of ΦPSII due to UVR was affected by temperature in P. marinus, Ostreococcus 
sp., and P. calceolata (Table 4.2). In P. marinus, UVR inhibition decreased significantly with 
increasing temperature (p < 0.01 for 16 °C compared with 24 °C). In the eukaryotic species 
Ostreococcus sp. (not between 20 °C and 24 °C) and P. calceolata, UVR inhibition of ΦPSII 
also decreased with increasing temperature, but not significantly. In Prochlorococcus sp., no 
effect of temperature was found on the UVR inhibition of ΦPSII. Comparison of the different 
picophytoplankton strains showed that Ostreococcus sp. was least inhibited by UVR (p < 
0.001) (Figure 4.2, Table 4.2). P. marinus showed intermediate levels of UVR inhibition, 
whereas ΦPSII was most inhibited by UVR in Prochlorococcus sp. and P. calceolata (p < 
0.001).

Photoprotective pigmentation

Temperature acclimation affected the initial photoprotective pigment pool in P. marinus (t 
= 0, Table 4.3), with higher zeaxanthin per chlorophyll a levels at lower temperatures (p < 
0.001). In Prochlorococcus sp., no significant effect of temperature acclimation was observed 
in the initial zeaxanthin per chlorophyll a level. In both prokaryotic strains, exposure to high 
irradiance did not influence photoprotective pigmentation, as the zeaxanthin per chlorophyll a 
levels remained similar during and after high irradiance exposure (Table 4.3). In Ostreococcus 
sp., acclimation to higher temperatures increased the initial xanthophyll cycle pigment pool 
(30-40%), but not significantly (t = 0, Table 4.3). In response to high irradiance exposure, 
large fluctuations in the sum of violaxanthin, antheraxanthin, and zeaxanthin per chlorophyll 
a were observed and no significant effect of temperature acclimation on the photoprotective 
pigment pool was found (Table 4.3). In P. calceolata, the initial photoprotective pigments per 
chlorophyll a ratio was highest at 24 °C (19%, not significant). Temperature had no effect on 
the total xanthophyll cycle pigment pool in response to high irradiance in P. calceolata as the 
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sum of diadinoxanthin and diatoxanthin per chlorophyll a remained unchanged during and 
after exposure to high irradiance (Table 4.3). No significant effect of the spectral composition 
of the irradiance treatment was observed in the photoprotective pigments pools of P. marinus, 
Prochlorococcus sp., Ostreococcus sp., and P. calceolata (Table 4.3).

De-epoxidation of the xanthophyll cycle

In both Ostreococcus sp. and P. calceolata, the de-epoxidation state (DPS) of the xanthophyll 
pigment cycle increased significantly during exposure to high irradiance (p < 0.001) (Figure 
4.3). In both strains, the DPS of the xanthophyll pigment cycle decreased over time, but 
the DPS did not return to initial values after 30 min of recovery in low light conditions 
(t= 40, Figure 4.3). In Ostreococcus sp., the de-epoxidation of the xanthophyll pigment 
cycle mainly included the de-epoxidation of violaxanthin to antheraxanthin, whereas the 
de-epoxidation of antheraxanthin to zeaxanthin was small. Temperature had an effect on 
the DPS of the xanthophyll pigment cycle in Ostreococcus sp. (Figure 4.3, Table 4.4), but 
differences were mostly not significant. The initial DPS of the xanthophyll pigment cycle 
(t = 0) in Ostreococcus sp. was 21-47% higher at 16 °C compared with 20 °C and 24 °C. 
During exposure to high PAR and PAR+UVR, the increase in the DPS was fastest at 20 °C 
(Table 4.4), as was the epoxidation of the xanthophyll pigment cycle after exposure to high 
irradiance (Figure 4.3). In P. calceolata, the initial DPS of the xanthophyll pigment cycle 
was 22-28% lower at 16 °C compared with the higher temperatures (not significant) (Figure 
4.3). During irradiance exposure, the rate of de-epoxidation of the xanthophyll pigment 
cycle increased with increasing temperature in P. calceolata (not significant) (Figure 4.3, 
Table 4.4). In accordance with the rate of de-epoxidation, the epoxidation of the xanthophyll 
pigment cycle was fastest at 24 °C (p < 0.05). 

Table 4.4 Mean (± standard deviation, n = 3) rate of increase in the de-epoxidation state 
of the xanthophyll pigment cycle (kDPS in min-1) in Ostreococcus sp. clade B and Pelagomonas 
calceolata during exposure to high photosynthetically active radiation (PAR) and high PAR with 
ultraviolet radiation (PAR+UVR) at 16 °C, 20 °C, and 24°C. abc indicate significant effects of 
the temperature treatment within each species.

Ostreococcus sp. Pelagomonas calceolata

PAR 16 °C 0.036 ± 3.75 × 10-3 0.029 ± 2.76 × 10-4

20 °C 0.043 ± 6.01 × 10-3 0.030 ± 4.53 × 10-3

24 °C 0.038 ± 6.33 × 10-3 0.034 ± 5.39 × 10-3

PAR+UVR 16 °C 0.033 ± 4.79 × 10-3 ab 0.021 ± 6.38 × 10-4

20 °C 0.047 ± 4.08 × 10-3 a 0.023 ± 5.33 × 10-3

24 °C 0.045 ± 1.12 × 10-3 b 0.031 ± 7.34 × 10-3



80 Chapter 4

The effect of the spectral composition of the irradiance treatment on the de-epoxidation 
of the xanthophyll pigment cycle was most evident in Ostreococcus sp. (Figure 4.3). During 
irradiance exposure (t = 0-10), the DPS in Ostreococcus sp. did not differ significantly 
between the PAR and PAR+UVR treatment (Figure 4.3, Table 4.4). However, in the PAR 
treatment, epoxidation of the xanthophyll pigment cycle started directly after exposure (t 
= 10), whereas the epoxidation was delayed in the PAR+UVR treatment and started after 
10 minutes of recovery in low light (t = 20). After 30 minutes of recovery (t = 40), the DPS 
in Ostreococcus sp. was similar in both PAR and PAR+UVR treatments (Figure 4.3). In P. 
calceolata, no significant effect of the spectral composition of the irradiance treatment was 
found, but it seemed that exposure to UVR limited the de-epoxidation of the xanthophyll 
pigment cycle, especially at lower temperatures (Figure 4.3).

When the dynamics of the xanthophyll pigment cycle of both species were compared, it 
was shown that Ostreococcus sp. had a significantly higher DPS compared with P. calceolata 
(p < 0.05) (Figure 4.3). In addition, the increase in de-epoxidation of the xanthophyll pigment 
cycle during high irradiance exposure was faster in Ostreococcus sp. (p < 0.05) (Table 4.3), 

Figure 4.3 De-epoxidation of the xanthophyll pigment cycle. Mean (± standard deviation, n = 3) de-
epoxidation state (DPS) of the xanthophyll pigment cycle in (a-c) Ostreococcus sp. clade B and (d-f) Pelagomonas 
calceolata are given during and after 10 minutes of exposure to high photosynthetically active radiation (PAR, white 
symbols) and high PAR with ultraviolet radiation (PAR+UVR, black symbols) at 16 °C, 20 °C, and 24 °C. The light 
grey area indicates the period of high light exposure.
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whereas no differences in epoxidation rate were observed between Ostreococcus sp. and P. 
calceolata. 

Discussion
Climate change is expected to mediate a rise in seawater temperature by 1.5-4.5 °C over 
the next century (Houghton et al.  1995). This rise in seawater temperature will lead to 
changes in water column stratification in open oligotrophic oceans (Behrenfeld et al. 2006, 
Polovina et al. 2008). The subsequent modifications in mixed layer dynamics increase 
the exposure of phytoplankton to high levels of PAR and UVR. Because temperature and 
irradiance conditions play an important role in the success of specific oceanic phytoplankton 
species (Moore et al. 1998, Johnson et al. 2006, Demir-Hilton et al. 2011), it is important to 
understand how oceanic phytoplankton will respond to elevated temperatures and whether 
this will affect their (photo)physiological performance. The present study focused on the 
temperature-dependence of photoinhibition and photoregulating processes that are essential 
for survival during high (dynamic) irradiance conditions. 

During short periods of high irradiance exposure, both the prokaryotic picophytoplankton 
strains P. marinus and Prochlorococcus sp., as the eukaryotic picophytoplankton strains 
Ostreococcus sp. and P. calceolata were susceptible to photoinhibition. The response to high 
irradiances was species specific and appeared to be related to the genetically defined light 
adaptation of the different strains. In the prokaryotic species, the low light adapted ecotype 
Prochlorococcus sp. (eMIT9313) was highly sensitive to high PAR and UVR, whereas the 
high light adapted ecotype P. marinus (eMED4) showed lower sensitivity. Similar differences 
in photoinhibition during high irradiance exposure were observed for other low and high light 
adapted ecotypes of Prochlorococcus spp. during exposure to high blue irradiance (Six et al. 
2007a). The differential response to excessive irradiance intensities found in the present study 
related well to the occurrence of different Prochlorococcus ecotypes in the upper mixed layer 
(eMED4) and the deep chlorophyll maximum (eMIT9313) (Moore et al. 1998, Johnson et al. 
2006). In the eukaryotic species, the levels of total non photochemical quenching induced by 
a tenfold increase in irradiance intensity were similar compared with earlier observations for 
Ostreococcus sp. and P. calceolata (Six et al. 2008, Dimier et al. 2009a). Although the two 
eukaryotic species were both isolated at 100 m depth from oceanic regions, Ostreococcus sp. 
showed considerably lower levels of photoinhibition compared with P. calceolata, especially 
during UVR exposure. It therefore seems that Ostreococcus sp. clade B is not specifically 
adapted to low light (Rodriguez et al. 2005), but rather adapted to open ocean irradiance 
conditions (also see Worden 2006, Demir-Hilton et al. 2011) with a relatively low sensitivity 
to high irradiance intensities compared with other oceanic picophytoplankton (this study, 
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Kulk et al. 2011, Kulk et al. 2012). The low light adapted ecotype P. calceolata showed 
highest levels of photoinhibition during exposure to high PAR compared with the other 
species. However, photoinhibition increased dramatically in the prokaryotic strains during 
exposure to UVR. This confirms the relative sensitivity of Prochlorococcus spp. to high 
levels of UVR, as has been observed in oligotrophic waters (Sommaruga et al. 2005, Llabrés 
& Agustí 2006). 

Temperature acclimation influenced photoinhibition and related processes during high 
irradiance exposure in P. marinus, Prochlorococcus sp., Ostreococcus sp., and P. calceolata. 
The effect was not uniform among the different strains, but temperature acclimation 
influenced the response to high irradiance exposure by changes in the relative contribution 
of photoinhibition and photoprotective mechanisms to non photochemical quenching in all 
strains. This general response corresponds well with the observation that both prokaryotic 
and eukaryotic picophytoplankton may benefit from high irradiance intensities at elevated 
temperatures by alterations in photophysiology and electron transport (Kulk et al. 2012). 
In addition, elevated temperatures had a beneficial effect on the response to high irradiance 
intensities by partially counteracting the UVR-induced photoinhibition in P. marinus, 
Ostreococcus sp., and P. calceolata. This was earlier observed in several diatom species and 
related to an increase in Rubisco activity and gene expression in T. weissflogii (Helbling et al. 
2011), an increase in repair rates in T. pseudonana (Sobrino & Neale 2007), and an increase 
in photoprotection by the dissipation of excess energy in T. weissflogii and C. gracillis (Halac 
et al. 2010). In this study, fast relaxing non photochemical processes, i.e. photoprotection, 
and the influence of temperature acclimation on these processes was further investigated in 
the response to excessive irradiance intensities in oceanic picophytoplankton. 

Both low and high light adapted Prochlorococcus strains were capable of producing 
fast relaxing non photochemical quenching (NPQF). Interestingly, the level of NPQF in the 
low light adapted strain Prochlorococcus sp. (eMIT9313/clade LLIV) was considerably 
higher compared with that of another low light adapted strain of Prochlorococcus spp. 
(strain SS120/clade LLII) (Bailey et al. 2005). It therefore seems that some low light adapted 
ecotypes of Prochlorococcus spp. are capable of inducing high levels of NPQF comparable 
to that of high light adapted ecotypes (this study), but others are not (Bailey et al. 2005). 
This might possibly be related to the differential occurrence of pcb genes encoding the 
major chlorophyll binding and light harvesting antenna proteins in both low and high light 
adapted ecotypes of Prochlorococcus spp. (Bibby et al. 2003, Bailey et al. 2005). Although 
the precise underlying mechanism remains unknown, the process of NPQF in P. marinus 
and Prochlorococcus sp. was sensitive to changes in temperature. It is therefore likely 
that the underlying mechanisms of NPQF in Prochlorococcus spp. involves an enzymatic 
reaction or changes due to the improved fluidity of the thylakoid membrane at elevated 
temperatures (Geider 1987, Davison 1991). This contrasts to earlier observations of NPQF 
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in phycobillisome containing cyanobacteria (El Bissati et al. 2000, for a review see Bailey 
& Grossman 2008), which supports the notion that the underlying mechanisms are different 
between Prochlorococcus spp. and other prokaryotic species (Bailey & Grossman 2008). It 
was further shown in the present study that the mechanism of photoprotection in P. marinus 
and Prochlorococcus sp. was highly sensitive to UVR, possibly related to increased oxidative 
stress on the thylakoid membrane (Lesser 2006). Fast relaxing non photochemical quenching 
was not related to changes in pigmentation during high irradiance exposure in P. marinus and 
Prochlorococcus sp. The xanthophyll pigment zeaxanthin is not regulated by an epoxydation/
de-epoxidation cycle in prokaryotic species and its function is often debated (Siefermann-
Harms 1985, Partensky et al. 1993). However, the photoprotective role of zeaxanthin is 
not excluded, since the concentration of zeaxanthin increases relative to chlorophyll a in 
high light acclimated cells (Moore et al. 1995, Partensky et al. 1993, Kulk et al. 2011) and 
zeaxanthin is found in high concentrations in the field (Letelier et al. 1993, Claustre 1994). 
The presence of zeaxanthin might have overestimated the calculation of photoinhibition by 
slowly relaxing non photochemical quenching in the light-harvesting antenna of PSII (F0 
quenching) (Horton et al. 1996, Maxwell & Johnson 2000). This was however, not observed 
in P. marinus and Prochlorococcus sp. (data not shown), suggesting that slowly relaxing non 
photochemical quenching related to damage to the reaction center of PSII in these strains.

In the eukaryotic picophytoplankton species Ostreococcus sp. and P. calceolata, fast 
relaxing non photochemical quenching coincided with the de-epoxidation of the xanthophyll 
pigment cycle. The rate of de-epoxidation of the xanthophyll pigment cycle in Ostreococcus 
sp. and P. calceolata was within the range reported for other eukaryotic pico- and 
nanophytoplankton (Dimier et al. 2009b), as was the relative increase in the de-epoxidation 
state of the xanthophyll pigment cycle upon high irradiance exposure (Six et al. 2008, Dimier 
et al. 2009a, Dimier et al. 2009b, Six et al. 2009). For Ostreococcus sp. clade B it was 
previously shown that both the xanthophyll pigment cycle (Six et al. 2009) and alternative 
electron transport (Cardol et al. 2008) play an important role in the response to high irradiance, 
whereas photorepair is relatively slow compared with other Ostreococcus ecotypes (Six et al. 
2009). This study showed that the photoprotective processes were also effective during UVR 
exposure, since Ostreococcus sp. was the only strain used in this study that showed substantial 
NPQF during UVR exposure. The influence of temperature acclimation was also most 
pronounced during UVR exposure, especially on the xanthophyll pigment cycle. Different 
effects may add to the high levels of fast relaxing non photochemical quenching observed 
in Ostreococcus sp. The xanthophyll cycle pigments may have an additional photoprotective 
function in Ostreococcus sp., including the stabilization of the thylakoid membrane by 
antheraxanthin and zeaxanthin, providing protection against reactive oxygen species under 
conditions of a highly reduced electron transport chain (for a review see Goss & Jakob 2010). 
In addition, the de-epoxidation of the xanthophyll pigment cycle and the consequent non 
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photochemical quenching in Ostreococcus sp. may be promoted by an increase in the trans-
membrane proton gradient due to the presence of chlororespiratory electron flow (Cardol et 
al. 2008, Goss & Jakob 2010). In P. calceolata, the rate of de-epoxidation and the relative 
de-epoxidation of the xanthophyll pigment cycle increased at elevated temperature, but 
this was not associated with an increase in fast relaxing non photochemical quenching. It is 
possible that the membrane stability necessary for the dissipation of excess energy trough 
the xanthophyll pigment cycle was affected by oxidative stress (Rijstenbil 2005, Van de Poll 
& Buma 2009). This could also explain the diminished fast relaxing non photochemical 
levels during UVR exposure in this species. Because P. calceolata is a low light adapted 
ecotype, this species might possibly use additional photoprotective mechanisms, such as the 
chlororespiratory electron flow observed in Ostreococcus sp., to a lesser extent.

This study showed that oceanic picophytoplankton were susceptible to photoinhibition 
during short periods of high irradiance. The genetically defined light adaptation of P. 
marinus, Prochlorococcus sp., Ostreococcus sp., and P. calceolata played an important role 
in their PAR and UVR sensitivity, likely related to the presence of different (combinations 
of) photoprotective mechanisms. Temperature acclimation influenced the response to 
excessive irradiance exposure by changes in the relative contribution of photoinhibition and 
photoprotective mechanisms to non photochemical quenching. These changes were found 
to be species specific. Acclimation to elevated temperatures increased the dissipation of 
excess energy in both P. marinus and Prochlorococcus sp., indicating a strong dependence 
on temperature of this photoprotective mechanism. In combination with decreased 
photoinhibition during both PAR and UVR exposure at elevated temperature, the high 
light adapted ecotype P. marinus may benefit considerably from elevated temperatures 
in response to high irradiance intensities encountered in the upper mixed layer of open 
oligotrophic oceans. Considering exposure to UVR, the effect of elevated temperature was 
most pronounced in the eukaryotic strain Ostreococcus sp., indicating that this species can 
effectively regulate light harvesting in relatively warm, UVR rich waters near the surface of 
the open oligotrophic ocean. Even though Prochlorococcus sp. and P. calceolata are unlikely 
to experience high irradiance intensities in the deep chlorophyll maximum, photoinhibition 
in these low light adapted ecotypes is highly relevant, since damage to PSII can occur 
at relatively low irradiance intensities (Six et al. 2007a, Mackey et al. 2008, Kulk et al. 
2012). At elevated temperatures, the prokaryotic strain Prochlorococcus sp. benefitted by 
increasing dissipation of excess energy, whereas the eukaryotic strain P. calceolata was less 
susceptible to photoinhibition. Overall, the differential response to high irradiance may have 
considerably effect on phytoplankton species distribution and community composition in 
the open oligotrophic oceans, with some ecotypes and/or species being more susceptible 
to photoinhibition than others. Photoinhibition and/or photoprotective processes may be 
positively affected by the rise in seawater temperature associated with climate change, but 
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species specific differences in (photo)physiology remain important in the performance of 
oceanic picophytoplankton. 
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Abstract
In situ viability of oceanic phytoplankton may be relatively low in open oceans. This is 
assumed to be related to the high irradiance and low nutrient conditions typical for oligotrophic 
regions. However, experimental evidence for this phenomenon was not yet available. In the 
present study, the importance of nutrient availability in high irradiance induced viability 
loss was therefore studied for three key oceanic phytoplankton species. Prochlorococcus 
marinus, Ostreococcus sp., and Thalassiosira oceanica were acclimated to two different N:P 
ratios. Growth, viability, and photophysiology were assessed under nutrient replete and N and 
P starved conditions. Simultaneously, high irradiance induced photoinhibition and viability 
loss were measured and three inhibitors were used to investigate the underlying physiological 
mechanisms contributing to viability loss. High irradiance exposure caused viability loss in 
P. marinus and Ostreococcus sp., but not in T. oceanica. Low nutrient availability enhanced 
survival during high irradiance exposure, although species specific differences were observed. 
The lower sensitivity to high irradiance intensities at low nutrient availability was related 
to conformational changes in photosystem II in P. marinus, to enhanced photoprotection 
by the xanthophyll pigment cycle and alternative electron transport in Ostreococcus sp., 
and to enhanced photoprotection by the xanthophyll pigment cycle in T. oceanica. Climate 
change may lead to enhanced stratification in the open ocean. The resulting increase in the 
average irradiance intensity phytoplankton experience may promote viability loss in the 
smallest phytoplankton size fraction. However, this effect may partially be counteracted by 
the simultaneously expected decrease in nutrient availability.
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Introduction
The phytoplankton community of open oligotrophic oceans is dominated by prokaryotic 
Prochlorococcus spp., Synechococcus spp., and eukaryotic pico- and nanophytoplankton (Li 
1994, DuRand et al. 2001, Worden et al. 2004). The depth and geographic distribution of 
these species is often explained by their response to water column conditions (Cavender-
Bares et al. 2001, Johnson et al. 2006, Demir-Hilton et al. 2011). For example, high 
light adapted ecotypes of Prochlorococcus spp. are adapted to the irradiance and nutrient 
conditions in the upper mixed layer, with low levels of light harvesting pigments and a 
reduced demand in cellular N and P (Moore et al. 1998, Moore & Chisholm 1999, Van 
Mooy et al. 2009). The contribution of specific phytoplankton species to community primary 
production may also vary along environmental gradients (Li 1994, Durand et al. 2001, Van 
de Poll et al. 2013). For example, Prochlorococcus spp. can contribute 20-40% to the total 
community production in relatively warm oligotrophic waters, whereas Synechococcus spp. 
and eukaryotic phytoplankton maintain higher production rates when nutrient availability 
is higher (Vaulot et al. 1995, Worden et al. 2004, Van de Poll et al. 2013). The (dynamic) 
irradiance and nutrient conditions do not only control phytoplankton species distribution and 
primary production, they have also been related to phytoplankton cell lysis and viability (the 
fraction of cells with intact membranes) (Agustí 2004, Alonso-Laita & Agustí 2006). The 
viability of oceanic phytoplankton in situ can be relatively low, with viability decreasing 
up to 50% in both Prochlorococcus spp. and Synechococcus spp. (Agustí 2004). Moreover, 
species specific differences in viability loss have been reported in several oligotrophic regions 
(Agustí 2004, Sommaruga et al. 2005, Alonso-Laita & Agustí 2006). This can have a major 
effect on the estimates of primary production and it is therefore important to understand 
which factors influence viability loss in open oligotrophic oceans.

Similar to the depth and geographic distribution of Prochlorococcus spp., 
Synechococcus spp., and eukaryotic pico- and nanophytoplankton, the viability of oceanic 
phytoplankton species is related to the (dynamic) irradiance conditions encountered in 
the water column. Phytoplankton irradiance exposure in open oceans can vary by several 
orders of magnitude due to variations in cloud cover, wind-mixing, and stratification (Kirk 
2010). In the upper mixed layer, oceanic phytoplankton can experience irradiance intensities 
that exceed photosynthetic requirements, leading to photoinhibition (loss of functional 
photosystem II (PSII) reaction centers) and viability loss (Aro et al. 1993, Van de Poll 
et al. 2006). To avoid photoinhibition and viability loss during high irradiance exposure, 
phytoplankton enhance non photochemical processes, such as the thermal dissipation of 
excess energy by the xanthophyll pigment cycle, and photochemical processes, such as 
alternative electron transport and (non-)enzymatic scavenging of reactive oxygen species 
(Olaizola et al. 1994, Gechev et al. 2006, Raven et al. 2011). Simultaneously, phytoplankton 
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can counteract the effects of photoinhibition by photorepair, a process in which damaged D1 
proteins are removed from PSII and replaced by newly synthesized D1 proteins (Aro et al. 
1993). Species specific differences in photoregulation and photorepair have been observed 
for several oceanic phytoplankton species (Six et al. 2007a, Dimier et al. 2009b, Kulk et al. 
2013), possibly contributing to the distribution of viable cells observed in situ. Moreover, the 
photoacclimation potential of specific (pico)phytoplankton species may play an important 
role in the response to (dynamic) irradiance conditions (Kulk et al. 2011).

In addition to irradiance, the depth and geographic distribution of viable Prochlorococcus 
spp., Synechococcus spp., and eukaryotic pico- and nanophytoplankton cells in open oceans 
is suggested to be related to nutrient availability (Agustí 2004, Alonso-Laita & Agustí 2006). 
For example, the viability of Prochlorococcus spp. and Synechococcus spp. was lower in 
oligotrophic waters compared with regions influenced by equatorial upwelling in the Central 
Atlantic Ocean (Agustí 2004). Moreover, nutrient availability has been described to directly 
affect phytoplankton cell death in cultures (Brussaard et al. 1997, Brussaard & Riegman 
1998, Agustí & Sanchéz 2002). Nutrient availability is generally low in the open ocean, 
especially in the upper mixed layer during stratification. Nitrogen (N) is considered the main 
limiting macronutrient (Graziano et al. 1996, Davey et al. 2008), but on different spatial 
and temporal time scales, phosphorus (P) may also act as the limiting macronutrient in open 
oceans (Karl et al. 1997, Wu et al. 2000, Cavender-Bares et al. 2001). In addition to the direct 
effect of low nutrient availability on phytoplankton viability, it may have considerable effects 
on phytoplankton photophysiology and consequently on the response to high irradiance 
intensities. Generally, the light harvesting capacity is reduced during nutrient starvation by 
a reduction in the cellular chlorophyll a concentration and quantum yield of PSII, as well as 
an increase in the relative amount of carotenoids (Geider et al. 1993, Berges & Falkowski 
1998, Franklin et al. 2012). However, the absorption of chlorophyll and the absorption cross 
section of the remaining PSII may increase during nutrient starvation (Geider et al. 1993, 
Berges et al. 1996), partially counteracting the reduced light harvesting capacity. Moreover, 
photochemical energy conversion is affected by a decrease in photosynthetically important 
proteins such as D1 and Rubisco during N starvation (Geider et al. 1993, Berges & Falkowski 
1998, Steglich et al. 2001) and to a lesser extent during P starvation (Geider et al. 1993). It 
has been suggested that the overall changes in photophysiology during nutrient starvation 
may lead to an increased susceptibility to high irradiance intensities in eukaryotic nano- and 
microphytoplankton (Herzig & Falkowski 1989, Lesser et al. 1994), but decreased sensitivities 
have also been observed (Van de Poll et al. 2005, Loebl et al. 2010). A direct assessment of 
the combined effect of high irradiance exposure and nutrient availability in oceanic pico- and 
nanophytoplankton is not yet available, despite the relevance for open ocean water column 
conditions. It is particularly important to understand oceanic phytoplankton performance 
given the expected increase in thermal stratification related to climate change, which will 
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enhance the average irradiance intensity phytoplankton experience while simultaneously 
reducing nutrient availability (Boyd & Doney 2002, Behrenfeld et al. 2006). 

In the present study, the importance of nutrient availability in high irradiance induced 
photoinhibition and viability loss was assessed for three key oceanic phytoplankton species. 
To this end, Prochlorococcus marinus, Ostreococcus sp., and Thalassiosira oceanica were 
acclimated to two different N:P ratios. Growth, viability, and photophysiology were assessed 
under nutrient replete and N and P starved conditions by analysis of cell density, membrane 
permeability, PSII fluorescence, cellular C, pigmentation, and absorption. Simultaneously, 
high irradiance induced photoinhibition and viability loss were studied under nutrient replete 
and starved conditions. The results are discussed in the context of species specific differences 
in photophysiology at low nutrient availability and are used to unravel the importance of 
viability loss in the phytoplankton community of open oligotrophic oceans.

Method

Culture conditions

Cultures were obtained from the Roscoff Culture Collection (RCC) and the National Center 
for Marine Algae and Microbiota (NCMA). Ostreococcus sp. strain RCC410 (clade B or 
ecotype OII) and Thalassiosira oceanica strain CCMP1616 were cultured in K medium 
based on natural oceanic seawater as described by Keller et al. (1987) without NO3

-. For 
T. oceanica, silicate was added to the K medium in a final concentration of 50 µmol l-1. 
Prochlorococcus marinus strain CCMP2389 (ecotype MED4) was cultured in a different 
version of the K medium, with a ten times diluted concentration of trace metals minus copper 
(K/10-Cu) (Chisholm 1992). P. marinus, Ostreococcus sp., and T. oceanica were pre-cultured 
under two different N:P ratios to establish either nitrogen (N:P 2) or phosphorus (N:P 35) 
starved conditions during the stationary growth phase. To this end, K/10-Cu and K medium 
were prepared with 100 µmol l-1 NH4

+ and 50 µmol m-1 PO4
3- for N:P 2 and 350 µmol l-1 

NH4
+ and 10 µmol l-1 PO4

3- for N:P 35. Cultures were maintained for several months under 
these different N:P ratios to ensure acclimation prior to the experiments. Cultures were kept 
in exponential growth phase (transfer 2 d prior to the stationary growth phase) at 68 µmol 
photons m-2 s-1 in a diurnal cycle of 12:12 h light:dark at 20 °C and were transferred to the 
experimental light conditions at least 14 days before the start of the experiment to ensure 
photoacclimation.
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Experimental design

Cultures of P. marinus, Ostreococcus sp., and T. oceanica grown at N:P 2 and N:P 35 were 
transferred in triplicate to 1 l glass Erlenmeyer flasks and incubated as batch cultures for a 
maximum of 14 d at 20 °C in an U-shaped lamp setup as described by Van de Poll et al. (2007). 
50 µmol photons m-2 s-1 was provided as a square wave function with a 12:12 h light:dark 
cycle and irradiance levels were frequently monitored with a Quantum Scalar Laboratory 
100 radiometer (QSL-100, Biospherical Instruments). Samples for the analysis of growth, 
viability, and the maximum quantum yield of PSII (Fv/Fm) were collected daily throughout 
the experiment. In the mid exponential growth phase (nutrient replete samples, at t = 9 d for P. 
marinus and t = 4 d for Ostreococcus sp. and T. oceanica) and five days later in the stationary 
growth phase (nutrient starved samples), additional samples were collected for the analysis of 
non photochemical quenching, elemental composition, pigmentation, and absorption spectra. 
Nutrient depletion in the stationary growth phase was confirmed by dissolved inorganic 
phosphate analysis (Murphy & Riley 1962). Simultaneously, viability assays were performed 
during the exponential and stationary growth phase, in which subsamples were exposed to 
a high irradiance treatment to assess survival and photoregulating mechanisms. To this end, 
four subsamples (20 ml) of each replicate culture were exposed to 500 µmol photons m-2 s-1 
(250 W MHN-TD lamp, Philips) for 4 h. Corresponding irradiance doses were 172 W m-2 
photosynthetically active radiation (PAR, 400-700 nm) and 8.74 W m-2 ultraviolet radiation 
(UVR, 280-400 nm) (Figure 5.1). The ten-fold increase in irradiance intensity relates well to 

Figure 5.1 Spectral irradiance of the high light treatment (solid line). Corresponding doses were 172 W m-2 
photosynthetically active radiation (PAR, 400-700 nm) and 8.74 W m-2 ultraviolet radiation (UVR, 280-400 nm). A 
solar spectrum (15:00 h, 02 September 2011, The Netherlands) is given for comparison (dotted line).
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water column conditions phytoplankton species encounter in temperate and warm-temperate 
oceanic regions (also see Kulk et al. 2011). For each incubation, the viability of the cells 
was assessed every 30 min (t = 0, 30, 60, 90, 120, 180, 180, 210, 240 min) by the cell 
digestion assay (CDA) (Agustí & Sánchez 2002) for P. marinus and by a SYTOX-Green 
assay for Ostreococcus sp. and T. oceanica. Cell densities during the viability assays were 
±5.5×106 cells ml-1 in P. marinus, ±2.5×106 cells ml-1 in Ostreococcus sp., and ±4.0×105 
cells ml-1 in T. oceanica. Samples from the stationary growth phase were diluted to these 
cell densities with nutrient-poor natural seawater, which had no effect on viability for the 
duration of the measurements (4 h, results not shown). During the viability assay, inhibitors 
were used to indicate several photoregulating mechanisms, which could be involved in 
the prevention of photoinhibition and/or viability loss. In addition to a control sample (no 
inhibitor), subsamples were incubated with Lincomycin (final concentration 0.6 mmol l-1), 
which inhibits the transcription of chloroplast encoded proteins, such as the D1 reaction 
center protein (Aro et al. 1993), Propyl gallate (Pgal, final concentration 0.6 mmol l-1), which 
inhibits a propyl gallate-sensitive oxidase (PTOX) that mediates alternative electron flow 
to oxygen prior to photosystem I (PSI) (Bailey et al. 2008), and Dithiothreitol (Dtt, final 
concentration 0.6 mmol l-1, not for P. marinus), which inhibits the de-epoxidation of the 
xanthophyll pigment cycle (Olaizola et al. 1994). Stock solutions of each inhibitor were 
freshly prepared in 96% EtOH and culture samples were incubated with each inhibitor under 
dim light conditions for 10 min prior to the viability assays. In addition to the incubation in 
high light, control samples were incubated for 4 h in the dark at 20 °C. No significant effect 
of the inhibitors was found on viability during these dark incubations (p < 0.05). 

Growth measurements

Samples (1 ml) for cell counts were obtained during the exponential and stationary growth 
phase. Cell concentrations were determined on a Coulter Epics XL-MCL flow cytometer 
(Beckman Coulter). Growth rates (µ in d-1) of the exponential growth phase were calculated 
by linear regression of natural log-transformed cell numbers for all replicates (≥5 data 
points). In addition, cell sizes were estimated by calibration of the forward scatter of the flow 
cytometer (Flow cytometry size calibration Kit F-13838, Molecular Probes).

Viability

Viability of P. marinus, Ostreococcus sp., and T. oceanica was assessed daily and in the 
exponential and stationary growth phase during high irradiance exposure. In the eukaryotic 
species Ostreococcus sp. and T. oceanica, viability was assessed by a SYTOX-Green assay. 
SYTOX-Green is a molecular probe that enters cells with a compromised cell membrane, 
where it binds to double stranded deoxyribonucleic acid (dsDNA) to form a green fluorescent 
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signal (for a review see Peperzak & Brussaard 2011). For the assay, a stock solution of 
SYTOX-Green (1%) (Dead Cell Stain, Molecular Probes) was prepared with MilliQ and 
stored at -20 °C. To determine viability, 1 ml culture samples were incubated with SYTOX-
Green (final concentration 0.01%) for 30 min in the dark at 20 °C. After the incubation, 
samples were immediately analyzed by flow cytometry (Coulter Epics XL-MCL flow 
cytometer, Beckman Coulter) and non-viable cells were distinguished from living cells by 
green fluorescence at 488 nm. Viability (% living cells) was calculated by dividing non-
SYTOX-Green stained cells by the total cell density. Because the prokaryotic species P. 
marinus responds poorly to SYTOX-Green, a cell digestion assay (CDA) as described by 
Agustí & Sánchez (2002) was used to assess viability in this species. It was previously shown 
that SYTOX-Green and the CDA yielded similar determinations of viability in numerous 
phytoplankton species (Agustí & Sánchez 2002, Peperzak & Brussaard 2011). For the CDA, 
stock solutions of desoxyribonuclease (DNAse) I (800 µg ml-1) (Sigma-Aldrich) and Trypsin 
(2%) (Sigma-Aldrich) were prepared using Hank’s balanced salt solution and stored at 
-20 °C. To determine the amount of living cells, 1 ml culture samples were collected and 
incubated with 150 µl DNAse I solution for 15 min at 37 °C. Then, 150 µl Trypsin solution 
was added and the samples were incubated for another 30 min at 37 °C. After incubation, 
the cell density was immediately analyzed by flow cytometry (Coulter Epics XL-MCL flow 
cytometer, Beckman Coulter). Total cell density was determined from control samples that 
were incubated for 45 min at 37 °C. Viability (% of living cells) was then calculated by 
dividing the cell density obtained by the CDA (living cells) by the cell density in the control 
samples (total cells). 

Photosystem II chlorophyll fluorescence characteristics

PSII fluorescence analysis were performed on a pulse amplitude modulation (PAM) 
chlorophyll fluorometer (Waltz GmbH) equipped with a WATER emitter-detector (ED) unit 
and analyzed using WinControl software (version 2.08, Waltz GmbH) according to Maxwell 
& Johnson (2000, and references therein). For daily analysis, 5-15 ml culture samples were 
dark adapted for 20 min at 20 °C. Then, the measuring light was turned on and the F0 was 
recorded as the minimal fluorescence. During a saturating light flash, Fm° was recorded as the 
maximum fluorescence in the dark-adapted state. The maximum quantum yield of PSII (Fv/
Fm) was calculated as (Fm° – F0) / Fm°. 

In addition to the daily analysis of Fv/Fm, non photochemical quenching (NPQ) was 
assessed in the exponential and stationary growth phase. Culture samples were dark adapted 
for 20 min, after which the Fv/Fm was recorded as described above. Then, the actinic light 
of the WATER-PAM (blue led) was turned on and samples were exposed to high light (561 
µmol photons m-2 s-1) for 5 min. Directly after high light exposure, the quantum yield of PSII 
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(ΦPSII) was determined by measuring Ft as the steady state fluorescence prior to a saturating 
light flash and Fm’ as the maximum fluorescence in the light. ΦPSII was calculated as (Fm’ 
– Ft) / Fm’. Then the measuring light was switched on and ΦPSII was determined for every 
5 min during a recovery period of 1 h. From the Fv/Fm measurements at t = 0 and the ΦPSII 
measurements at t = 5 min, total NPQ was calculated as (Fm° – Fm’) / Fm’. Relaxation analysis 
was performed to estimate the contribution of slowly and rapidly relaxing non photochemical 
quenching. Relaxation of NPQ on a time scale of minutes is associated with photoprotective 
processes such as state transitions, relaxation of the xanthophyll pigment cycle, or other 
forms of thermal dissipation (Walters & Horton 1991, Demmig-Adams & Adams 1992, 
Maxwell & Johnson 2000). Processes that relax over a longer period of time (hours) are 
referred to as photoinhibition, i.e., damage to the reaction centers of PSII (Osmond 1994, 
Maxwell & Johnson 2000). To estimate photoprotection and photoinhibition, the recorded 
Fm’ was corrected for baseline quenching by subtracting F0 and was log transformed for 
further analysis. Transformed Fm’ values of the final 40 min of the ФPSII recovery curve were 
extrapolated to calculate the value of Fm’ that would have been attained if only slowly relaxing 
quenching was present in the light (Fm

r). Slowly relaxing non photochemical quenching 
(NPQS) was then calculated as (Fm° – Fm

r) / Fm
r and fast relaxing non photochemical quenching 

(NPQF) as (Fm° / Fm’) – (Fm° – Fm
r).

Elemental composition

For particulate organic carbon (POC) analysis, duplicate 20-35 ml culture samples were 
taken for each replicate culture and filtered onto 12 mm precombusted (4 h, 600 °C) GF/F 
filters (Whatman), snap frozen in liquid nitrogen, and stored at -80 °C until further analysis. 
For analysis, filters were acidified under HCl (37%) fumes for 4 h, dried overnight at 60 
°C, and wrapped in tin capsules (Elemental Microanalysis). Analysis was performed on a 
nitrogen and carbon analyzer type Flash EATM 1112 (Interscience). Cellular C concentrations 
and C:Chl-a were calculated using the cell density obtained by flow cytometry and the 
chlorophyll a concentration obtained from the pigment analysis, respectively.

Pigment composition

Samples (25-55 ml) for pigment analysis were collected during the exponential and stationary 
growth phase for each replicate culture. Samples were filtered onto 25 mm GF/F filters 
(Whatman), snap frozen in liquid nitrogen, and stored at -80 °C until further analysis. Pigments 
were quantified using high performance liquid chromatography (HPLC) as described by 
Hooker et al. (2009). In short, filters were freeze-dried for 48 h and pigments were extracted 
in 3 ml 90% acetone (v/v, 48 h, 4 °C). Detection of pigments was carried out using a HPLC 
(Waters 2695 separation module, 996 photodiode array detector) equipped with a Zorbax 
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Eclipse extra dense bonding (XDB) C8 3.5 µm column (Agilent Technologies). Peaks were 
identified by retention time and diode array spectroscopy. Pigments were quantified using 
standards (DHI Lab products) of chlorophyll a1, chlorophyll a2, chlorophyll b, chlorophyll 
c2, fucoxanthin, prasinoxanthin, diadinoxanthin (Dd), diatoxanthin (Dt), antheraxanthin 
(Ant), violaxanthin (Vio), and zeaxanthin (Zea). From here on, chlorophyll a will refer to 
chlorophyll a2 in P. marinus and to chlorophyll a1 in Ostreococcus sp. and T. oceanica. The 
de-epoxidation state (DPS) of the xanthophyll pigment cycle was calculated as (Ant + Zea) / 
(Vio + Ant + Zea) for Ostreococcus sp. and as Dt / (Dd + Dt) for T. oceanica.

Absorption spectra

Samples for phytoplankton pigment absorption spectra were taken during the exponential 
and stationary growth phase for each replicate culture. Pigment absorption spectra were 
determined on a Varian Cary 3E ultra violet (UV) Vis spectrophotometer, equipped with an 
integrating sphere. Spectral values of the absorption coefficient were recorded every 1 nm 
between 300 and 800 nm. For analysis, 25-60 ml culture was filtered onto 25 mm GF/F filters 
(Whatman) and the transmission and reflection of the total particulate matter was determined 
according to Tassan & Ferrari (1995). The filter was then extracted in sodium hypochlorite 
(1% chlorine) to remove phytoplankton pigments and measured again to obtain the absorption 
of non-pigmented material (detritus). Phytoplankton absorption was calculated (β was set to 
2) and normalized to chlorophyll a concentrations to obtain the specific absorption coefficient 
by phytoplankton a*ph(λ) (m2 mg Chl-a-1). The spectrally weighted mean specific absorption 
coefficient ā* (m2 mg Chl-a-1) was calculated by:
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where E(λ) is the irradiance used in the incubator during the viability assay. The blue:red 
ratio was calculated by dividing the maximum a*ph(λ) between 350-600 nm by the maximum 
a*ph(λ) between 650-700 nm.

Statistical analysis

Differences between the two N:P ratios, the exponential (nutrient replete) and stationary 
(nutrient starved) growth phase, and the three phytoplankton species were statistically tested 
by analysis of variance (ANOVA) using STATISTICA software (version 8.0 and 10.0, 
StatSoft). Before analysis, data were tested for normality and homogeneity of variances. 
Differences were considered significant when p < 0.05.
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Results

Growth characteristics

Growth
The N:P ratio had no effect on the growth rates in P. marinus and Ostreococcus sp. (Figure 
5.2a,b). Growth rates were 0.41 ± 0.017 d-1 and 0.44 ± 0.011 d-1 in P. marinus and 0.94 ± 
0.030 d-1 and 0.89 ± 0.088 d-1 in Ostreococcus sp. grown at N:P 2 and N:P 35, respectively. In 
T. oceanica, the growth rate was significantly higher at N:P 2 (µ = 1.40 ± 0.084 d-1) compared 
with N:P 35 (µ = 1.26 ± 0.06 d-1) (p < 0.014) (Figure 5.2c). Overall, T. oceanica showed the 
highest growth rates, followed by Ostreococcus sp. and P. marinus, respectively (p < 0.001). 
After exponential growth, P. marinus entered the stationary growth phase at t = 11 d, whereas 
Ostreococcus sp. and T. oceanica entered the stationary growth phase 4 days earlier, at t = 
6 d (Figure 5.2). All species, except for P. marinus at N:P 2, were able to maintain high cell 
densities for 28 d (separate cultures, data not shown). Regular nutrient analysis (data not 
shown) showed that the uptake of PO4

3- halted with the onset of the stationary growth phase 
at N:P 2 (N starved) and PO4

3- concentrations were typically depleted 1 d prior to the start 
of the stationary growth phase at N:P 35 (P starved). Nutrient induced differences in cell 
size were not observed in P. marinus and Ostreococcus sp., but the cell size of T. oceanica 
increased during N starvation (4.7%) and decreased during P starvation (13%) (p < 0.005) 
(data not shown).  

Viability at growth irradiance
In P. marinus, viability during the exponential and stationary growth phase ranged from 
51% to 99% (Figure 5.2d). Under nutrient replete conditions, viability averaged at 81 ± 
10.9% for N:P 2 and at 89 ± 7.8% for N:P 35 in the prokaryotic phytoplankton species. 
During N starvation, viability dropped significantly to 60 ± 7.2% in P. marinus (p < 0.001), 
whereas no differences in viability were observed between P starved (85 ± 2.7%) and nutrient 
replete conditions. Significant differences in viability were observed during nutrient starved 
conditions, with lower viability at N:P 2 compared with N:P 35 (p < 0.001). In Ostreococcus 
sp. and T. oceanica, viability ranged from 96% to 100% (Figure 5.2e,f). No significant 
differences between nutrient replete and starved conditions or between N:P ratios were 
observed for these eukaryotic phytoplankton species and viability was on average 99 ± 0.4% 
in Ostreococcus sp. and 99 ± 2.4% in T. oceanica. Overall, Ostreococcus sp. and T. oceanica 
showed significantly higher viability compared with P. marinus (p < 0.05).
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Maximum quantum yield of photosystem II
The maximum quantum yield of PSII (Fv/Fm) was similar between the N:P ratios during 
exponential growth in all species with the Fv/Fm averaging at 0.656 ± 0.004 in P. marinus, 
0.619 ± 0.011 in Ostreococcus sp., and 0.731 ± 0.009 in T. oceanica (Figure 5.2g-i). At the 
onset of the stationary growth phase, Fv/Fm decreased significantly during nutrient starvation 

Figure 5.2 Mean (± standard deviation, n = 3) (a-c) cell density, (d-f) viability, (g-i) and maximum quantum 
yield of photosystem II (Fv/Fm) for Prochlorococcus marinus ecotype MED4, Ostreococcus sp. clade B, and 
Thalassiosira oceanica grown at N:P 2 (white symbols) and N:P 35 (black symbols). Light grey areas indicate the 
stationary growth phase in which cultures were either N (N:P 2) or P (N:P 35) starved.
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(p < 0.05) (Figure 5.2g-i). The decrease in Fv/Fm was significantly higher under N starved 
conditions (N:P 2) compared with P starved (N:P 35) conditions (p < 0.05) (Figure 5.2g-i). 
This was especially evident in P. marinus, in which the Fv/Fm dropped by 84% at N:P 2 and by 
24% at N:P 35. In the eukaryotic species, the Fv/Fm dropped by 43-48% during N starvation 
compared with 15-33% during P starvation.

Responses to high irradiance treatments

Viability during high irradiance exposure
In response to high irradiance, viability decreased under all conditions in P. marinus (Figure 
5.3a-f). Viability loss in P. marinus was most evident within the first 30-60 min of high 
irradiance exposure, with a significant decrease in viability between 18.6-66.7% (p < 0.05). 
After 60 min, further viability loss was limited under most conditions and at t = 240 min 
viability ranged from 28.9-61.9%. The response to high irradiance was uniform among the 
conditions and no significant effects N:P ratio or inhibitor treatment were found. Nutrient 
availability only played a role in the first 60 min of high irradiance exposure at N:P 2, in 
which viability was significantly higher during N starved conditions compared with replete 
conditions (p < 0.05).

Ostreococcus sp. showed higher viability during high irradiance exposure compared 
with P. marinus and clear differences between the various nutrient conditions and inhibitor 
treatments were observed. In the control treatment (no inhibitor), viability did not significantly 
decrease during 4 h of high irradiance exposure, except under nutrient replete conditions at 
N:P 2 (p < 0.01) (Figure 5.3g,k). When the repair of damaged D1 proteins was blocked by the 
inhibitor Lincomycin, Ostreococcus sp. showed significantly higher viability loss compared 
with the control treatment (p < 0.001) (Figure 5.3h,l). In the Lincomycin treatment, viability 
decreased significantly after 60 min and 150 min of high irradiance exposure at N:P 2 under 
nutrient replete and N starved conditions, respectively (p < 0.04). At N:P 35, viability decreased 
significantly after 120 min and 180 min of high irradiance exposure under nutrient replete 
and P starved conditions, respectively (p < 0.001). Ostreococcus sp. showed lowest viability 
when PTOX mediated alternative electron transport was blocked by the inhibitor Pgal. The 
viability of Ostreococcus sp. decreased significantly in the first 30 min of high irradiance 
exposure during this treatment (p < 0.05) (Figure 5.3i,m). After 60 min of high irradiance 
exposure, viability leveled off to around 38%, except under nutrient replete conditions at N:P 
35, at which viability decreased to 0% after 240 min of high irradiance exposure. When the 
de-epoxidation of the xanthophyll pigment cycle was blocked by the inhibitor Dtt, viability 
loss during high irradiance exposure was similar to the control treatment in Ostreococcus 
sp. (Figure 5.3j,n). No effect of high irradiance exposure was found in the Dtt treatment, 
except under nutrient replete conditions at N:P 2, at which viability significantly decreased 
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Figure 5.3 Mean (± standard deviation, n = 3) viability (% of initial value) during high irradiance exposure 
for (a-f) Prochlorococcus marinus ecotype MED4, (g-n) Ostreococcus sp. clade B, and (o-v) Thalassiosira oceanica 
during nutrient replete (white symbols) and starved (black symbols) conditions. Inhibitor treatments (Control, 
Lincomycin, Pgal, and Dtt) and N:P ratios are presented in separate panels.
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after 120 min of high irradiance exposure (p < 0.001). When the different N:P ratios were 
compared in Ostreococcus sp., viability was significantly higher at N:P 2 in the Lincomycin 
and Pgal treatments, while viability was significantly higher at N:P 35 in the Control and Dtt 
treatments (p < 0.05 for nutrient replete conditions). Overall, viability in Ostreococcus sp. 
was higher during nutrient starved conditions compared with nutrient replete conditions (p 
< 0.05). 

T. oceanica showed significantly higher viability during high irradiance exposure 
compared with P. marinus and Ostreococcus sp. (Figure 5.3o-v). This was most evident in the 
control, Lincomycin, and Dtt treatments, where viability was not affected by high irradiance 
exposure in T. oceanica (Figure 5.3o,p,r-t,v). When PTOX mediated alternative electron 
transport was blocked by the inhibitor Pgal, viability in T. oceanica decreased significantly 
upon high irradiance exposure (Figure 5.3q,u). At N:P 2, viability decreased after 120 min 
and 180 min of high irradiance exposure under nutrient replete and N starved conditions, 
respectively (p < 0.04), while at N:P 35, viability decreased significantly after 90 min and 180 
min of high irradiance exposure under nutrient replete and P starved conditions, respectively 
(p < 0.001). Overall, viability in T. oceanica was higher during nutrient starved conditions 
compared with nutrient replete conditions (p < 0.05, Pgal treatment).

Non photochemical quenching
Non photochemical quenching (NPQ) decreased significantly during nutrient starvation in P. 
marinus (p < 0.02) (Figure 5.4a). This was related to a significant decrease in slow relaxing 
non photochemical quenching (NPQS) (p < 0.04). No significant differences in NPQ were 
found between the N:P ratios in P. marinus. 

In Ostreococcus sp., NPQ increased significantly during N starvation (p < 0.001), 
while no differences were observed in NPQ between nutrient replete and P starved conditions 
(Figure 5.4b). The increase in NPQ during N starvation was accompanied by a significant 
decrease in NPQS and a significant increase in fast relaxing non photochemical quenching 
(NPQF) (p < 0.01). When the different N:P ratios were compared, Ostreococcus sp. showed 
significantly lower NPQ at N:P 2 compared with N:P 35 under nutrient replete conditions 
(p < 0.005). During nutrient starvation, NPQ was similar between N:P 2 and N:P 35 in 
Ostreococcus sp. 

In T. oceanica, NPQ increased significantly during both N and P starvation compared 
with nutrient replete conditions (p < 0.001) (Figure 5.4c). This was related to a significant 
increase in NPQF (p < 0.001). Differences in NPQ between the N:P ratios were not observed 
for T. oceanica. Overall, T. oceanica showed highest NPQ, followed by Ostreococcus sp. 
and P. marinus, respectively (p < 0.001), except in the exponential growth phase at N:P 35, 
at which Ostreococcus sp. showed significantly higher NPQ compared with T. oceanica (p < 
0.02) (Figure 5.4).
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Figure 5.4 Mean (± standard deviation, n = 3) non photochemical quenching (NPQ) for (a) Prochlorococcus 
marinus ecotype MED4, (b) Ostreococcus sp. clade B, and (c) Thalassiosira oceanica grown at N:P 2 and N:P 35 
under nutrient replete and starved conditions. Slow (light grey bars) and fast (white bars) relaxing NPQ are separately 
indicated. Significant differences (p < 0.05) between N:P ratios (“) and nutrient replete and starved conditions (*) are 
indicated. Note that the scales of the y-axis are different between the panels.
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 (Photo)physiology during nutrient starvation

Elemental composition
The elemental composition was related to nutrient availability and N:P ratio in P. marinus, 
Ostreococcus sp., and T. oceanica. In P. marinus, the cellular C concentrations increased 
significantly during nutrient starvation (p < 0.02) (Table 5.1). Related to the increase in cellular 
C, the C:Chl-a ratio in P. marinus significantly increased during both N and P starvation (p 
< 0.001). When the different N:P ratios were compared, no differences in cellular C were 
observed in P. marinus, whereas the C:Chl-a ratio was significantly lower at N:P 2 compared 
with N:P 35 (p < 0.04). 

In Ostreococcus sp., cellular C concentrations were not affected by nutrient availability 
(Table 5.1). The C:Chl-a ratio in Ostreococcus sp. was significantly higher at nutrient 
replete compared with nutrient starved conditions (p < 0.001), related to changes in cellular 
chlorophyll a (Figure 5.5). Comparison of the two N:P ratios showed that Ostreococcus sp. 
had higher cellular C concentrations at N:P 2 compared with N:P 35 (p < 0.01). The C:Chl-a 
ratio was significantly higher at N:P 2 compared with N:P 35 during nutrient starvation (p 
< 0.01), whereas no difference in this ratio was observed in Ostreococcus sp. under nutrient 
replete conditions. 

In T. oceanica, cellular C concentrations increased significantly during N starvation 
(p < 0.005), while concentrations decreased during P starvation (p < 0.04) (Table 5.1). 
Combined with the decrease in cellular chlorophyll a in T. oceanica (Figure 5.5), this resulted 

Table 5.1 Cellular composition. Mean (± standard deviation, n = 3) cellular carbon (C in pg cell-1) and 
carbon to chlorophyll a ratio (C:Chl a in w/w) for Prochlorococcus marinus ecotype MED4, Ostreococcus sp. 
clade B, and Thalassiosira oceanica grown at N:P 2 and N:P 35 under nutrient replete and starved conditions. 
Significant differences (p < 0.05) between N:P ratios (abc) and nutrient replete and starved conditions (*) are 
indicated.

Prochlorococcus 
marinus

Ostreococcus
sp.

Thalassiosira 
oceanica

C N:P 2 replete 0.21 ± 0.017 * 1.03 ± 0.141 c 14.0 ± 2.03 *f

N:P 2 starved 0.51 ± 0.068 * 0.95 ± 0.043 d 20.0 ± 1.07 *g

N:P 35 replete 0.18 ± 0.082 * 0.69 ± 0.011 c 17.7 ± 1.35 *f

N:P 35 starved 0.44 ± 0.079 * 0.67 ± 0.006 d 13.8 ± 0.90 *g

C:Chl-a N:P 2 replete 6.2 ± 0.14 *a 36.4 ± 1.25 * 23.2 ± 2.16 *

N:P 2 starved 31.4 ± 0.70 *b 29.6 ± 0.29 *e 84.3 ± 13.83 *h

N:P 35 replete 15.8 ± 4.52 *a 33.1 ± 2.13 * 25.9 ± 5.55

N:P 35 starved 69.5 ± 5.21*b 23.9 ± 1.13 *e 22.2 ± 3.13 h



104 Chapter 5

in a significant increase in the C:Chl-a ratio during N starvation (p < 0.001), while this ratio 
was similar between nutrient replete and P starved conditions. When the N:P ratios were 
compared, T. oceanica showed lower cellular C concentrations at N:P 2 compared with N:P 
35 during nutrient replete growth (p < 0.05), while the opposite trend was observed during 
nutrient starvation (p < 0.005). The C:Chl-a ratio was higher at N:P 2 compared with N:P 
35 under nutrient starved conditions (p < 0.001), but the C:Chl-a ratio was similar during 
nutrient replete growth in T. oceanica.

Pigment composition
Both light harvesting and photoprotective pigmentation changed in response to nutrient 
starvation and N:P ratio. In the prokaryotic species P. marinus, cellular chlorophyll a and 
b concentrations were similar between nutrient replete and starved conditions (Figure 
5.5a). Light harvesting pigmentation was significantly different between the N:P ratios in P. 
marinus, with higher cellular chlorophyll a an b concentrations at N:P 2 compared with N:P 
35 (p < 0.05) (Figure 5.5a). The photoprotective pigment zeaxanthin increased relative to 
chlorophyll a by 7-8% during nutrient starvation (p < 0.02, not significant at N:P 35) (Figure 
5.5b). The N:P ratio had no effect on the zeaxanthin to chlorophyll a ratio in P. marinus. 

In the eukaryotic species Ostreococcus sp., cellular chlorophyll a concentrations 
increased during nutrient starvation (p < 0.05, not significant for N:P 35) (Figure 5.5c). 
This trend was also observed for other light harvesting pigments, such as chlorophyll b and 
prasinoxanthin (data not shown). The light harvesting pigments were affected by N:P ratio, 
with higher cellular concentrations at N:P 2 compared with N:P 35 (p < 0.05, not significant for 
chlorophyll a and b during nutrient starvation). The total photoprotective pool of xanthophyll 
cycle pigments relative to chlorophyll a increased significantly during nutrient starvation in 
Ostreococcus sp. (p < 0.005) (Figure 5.5d). During N starvation, this increase was related to 
a significant increase in antheraxanthin and zeaxanthin (p < 0.001), while during P starvation, 
the increase in the total xanthophyll cycle pigments pool was related to a significant increase 
in violaxanthin (p < 0.004) (Figure 5.5d). Consequently, the de-epoxidation state (DPS) of 
the xanthophyll pigment cycle in Ostreococcus sp. was significantly higher under N starved 
conditions (0.74 ± 0.056) compared with nutrient replete conditions (0.14 ± 0.006) and 
no significant effect of P starvation was found on the DPS (Figure 5.5e). Differences in 
photoprotective pigmentation between the two N:P ratios were not observed under nutrient 
replete conditions, whereas the photoprotective pigment pool and the DPS were significantly 
higher at N:P 2 compared with N:P 35 during nutrient starvation (p < 0.001) (Figure 5.5e). 

In T. oceanica, cellular chlorophyll a concentrations decreased during N starvation (p 
< 0.005), while remaining similar to nutrient replete conditions during P starvation (Figure 
5.5f). Other light harvesting pigments, such as chlorophyll c2 and fucoxanthin, showed a 
similar trend, but increased during nutrient starvation relative to chlorophyll a (p < 0.005) 
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Figure 5.5 Mean (± standard deviation, n = 3) cellular chlorophyll a concentrations and the photoprotective 
pigments per chlorophyll a ratio for (a,b) Prochlorococcus marinus ecotype MED4, (c-e) Ostreococcus sp. clade 
B, and (f-h) Thalassiosira oceanica grown at N:P 2 and N:P 35 under nutrient replete and starved conditions. For 
Ostreococcus sp. and T. oceanica, the de-epoxidation state (DPS) of the xanthophyll pigment cycle is also given. The 
xanthophyll cycle pigments violaxanthin (light grey), antheraxanthin (dark grey bars), and zeaxanthin (white bars) 
in (d) Ostreococcus sp. and diadinoxanthin (light grey) and diatoxanthin (open) in (g) T. oceanica are separately 
indicated. Significant differences (p < 0.05) between N:P ratios (“) and nutrient replete and starved conditions (*) are 
indicated. Abbreviations: Chl-a: chlorophyll a, Zea: zeaxanthin, VAZ: violaxanthin + antheraxanthin + zeaxanthin, 
Dd: diadinoxanthin, and Dt: diatoxanthin.
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(data not shown). Differences in light harvesting pigments between N:P ratios were not 
observed in T. oceanica under nutrient replete conditions. During nutrient starved conditions, 
cellular chlorophyll a, chlorophyll c2, and fucoxanthin concentrations were significantly lower 
at N:P 2 compared with N:P 35 (p < 0.005). Similar to Ostreococcus sp., the photoprotective 
pigment pool of T. oceanica increased significantly during nutrient starvation (p < 0.05) 
(Figure 5.5g). Both the cellular concentrations and the relative concentration to chlorophyll 
a of diadinoxanthin and diatoxanthin increased significantly during N and P starvation (p 
< 0.05). This related to a significant increase in the DPS of the xanthophyll pigment cycle 
(p < 0.02) (Figure 5.5h). In T. oceanica, the xanthophyll cycle pigments per chlorophyll a 
ratio was similar between the N:P ratios under nutrient replete conditions. During nutrient 
starvation, the photoprotective pigment pool per chlorophyll a was significantly higher at 
N:P 2 compared with N:P 35 (p < 0.03), which related to the differences observed in cellular 
chlorophyll a (Figure 5.5f,g). No significant differences in DPS of the xanthophyll pigment 
cycle between the N:P ratios were observed (Figure 5.5h).

Absorption spectra
Absorption properties of the different phytoplankton species were influenced by both nutrient 
availability and N:P ratios (Table 5.2). In P. marinus, the spectrally weighted mean specific 
absorption coefficient (ā*) increased significantly during nutrient starvation compared with 
nutrient replete conditions (p < 0.001). In contrast, ā* decreased during nutrient starvation 
in Ostreococcus sp. (p < 0.01, not significant at N:P 2). Similar to P. marinus, ā* increased 
significantly during N starvation in T. oceanica (p < 0.05), but no significant differences 

Table 5.2 Absorption spectra. Mean (± standard deviation, n = 3) spectrally weighted mean specific 
absorption coefficient ā* (m2 mg Chl a-1) and blue:red ratio for Prochlorococcus marinus ecotype MED4, 
Ostreococcus sp. clade B, and Thalassiosira oceanica grown at N:P 2 and N:P 35 under nutrient replete and 
starved conditions. Significant differences (p < 0.05) between N:P ratios (abc) and nutrient replete and starved 
conditions (*) are indicated.

Prochlorococcus 
marinus

Ostreococcus
sp.

Thalassiosira
oceanica

ā* N:P 2 replete 0.011 ± 1.09×10-3 *a 0.031 ± 2.99×10-3 0.016 ± 1.13×10-3 *

N:P 2 starved 0.020 ± 2.28×10-4 *b 0.026 ± 5.74×10-4 0.020 ± 1.88×10-3 *e

N:P 35 replete 0.019 ± 2.71×10-3 *a 0.038 ± 6.04×10-3 * 0.014 ± 2.69×10-3

N:P 35 starved 0.030 ± 2.23×10-3 *b 0.025 ± 9.11×10-4 * 0.012 ± 1.55×10-3 e

blue:red N:P 2 replete 2.00 ± 0.110 c 1.90 ± 0.042 1.23 ± 0.021 *f

N:P 2 starved 1.92 ± 0.056 d 1.91 ± 0.080 1.46 ± 0.069 *g

N:P 35 replete 1.86 ± 0.077 c 1.90 ± 0.113 1.17 ± 0.025 f

N:P 35 starved 1.76 ± 0.109 d 1.77 ± 0.096 1.41 ± 0.173 g
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in ā* were observed between nutrient replete and P starved conditions. When the different 
N:P ratio were compared, ā* was significant lower at N:P 2 compared with N:P 35 in P. 
marinus and T. oceanica (p < 0.01, except for T. oceanica under nutrient replete conditions). 
In contrast, no significant effect of N:P ratio on ā* was observed in Ostreococcus sp. Overall, 
Ostreococcus sp. showed the highest ā* compared with the other species, except under P 
starvation, at which P. marinus showed the highest ā* (p < 0.001). 

The blue:red ratio was not significantly affected by nutrient availability and N:P ratio 
in P. marinus and Ostreococcus sp. (Table 5.2). In T. oceanica, the blue:red ratio increased 
under nutrient starved conditions (p < 0.005, not significant at N:P 35). In addition, the 
blue:red ratio was significantly higher at N:P 2 compared with N:P 35 in T. oceanica (p < 
0.001). Overall, P. marinus and Ostreococcus sp. showed the highest blue:red ratios, followed 
by T. oceanica (p < 0.01).

Discussion
In the present study, the viability of different oceanic phytoplankton species was investigated 
to determine the relative importance of irradiance and nutrient conditions in phytoplankton 
viability loss. It was previously suggested that both the depth and geographic distribution 
of viable Prochlorococcus spp., Synechococcus spp., and eukaryotic phytoplankton cells in 
open oceans is related to irradiance and nutrient availability (Agustí 2004, Alonso-Laita & 
Agustí 2006, Llabrés & Agustí 2006). This study showed that high irradiance exposure can 
indeed lead to viability loss in oceanic phytoplankton. Similar to species specific differences 
observed in the North Atlantic Ocean and other oligotrophic regions (Sommaruga et al. 2005, 
Llabrés & Agustí 2006, Agustí & Llabrés 2007), viability loss during high irradiance exposure 
was higher in P. marinus compared with the eukaryotic species. Additional exposure to 
UVR may enhance photoinhibition and viability loss in specific phytoplankton species. For 
example, Prochlorococcus spp. shows a high sensitivity to UVR (Kulk et al. 2013), which 
could explain the low viability observed in this species near the surface of open oligotrophic 
oceans (Alonso-Laita & Agustí 2006, Agustí & Llabrés 2007). However, the present study 
showed that nutrient availability alone would not account for significant viability loss in 
oceanic phytoplankton species, except in P. marinus at low NH4

+ availability. In the upper 
mixed layer of open oligotrophic oceans, phytoplankton can experience high (dynamic) 
irradiance conditions in combination with low nutrient availability. It has been suggested 
that these co-occurring conditions increase the photoinhibition and viability loss in natural 
communities (Lesser et al. 1994, Llabrés & Agustí 2006, Franklin et al. 2009). However, 
the present study showed that P. marinus, Ostreococcus sp., and T. oceanica are actually 
less susceptible to both photoinhibition and viability loss during high irradiance exposure 
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when nutrient availability is low. Similar responses were observed for the Antarctic diatom 
Chaetoceros brevis during N, P, and Fe starvation (Van de Poll et al. 2005) and Emiliania 
huxleyi during N starvation (Loebl et al. 2010). The lower photoinhibition and viability loss 
during high irradiance exposure at low nutrient availability was related to a reduced light 
harvesting capacity and/or enhanced photoprotection, although different photoregulating 
mechanisms were involved in P. marinus, Ostreococcus sp., and T. oceanica.

The response of P. marinus to both nutrient starvation and high irradiance exposure 
was clearly different from the other two species. In all treatments, viability loss of P. 
marinus was highest in the first 30-60 min of high irradiance exposure. Photoinhibition 
and viability loss during high irradiance exposure decreased during nutrient starvation in 
P. marinus, although the differences in viability loss were less evident during P starvation. 
In P. marinus, the lower sensitivity to high irradiance intensities during nutrient starvation 
was not associated with changes in pigmentation. Moreover, the absorption per chlorophyll 
a increased considerably during nutrient starvation. A similar increase in absorption was 
observed during high light acclimation in high light adapted ecotypes of Prochlorococcus 
spp. (Partensky et al. 1993, Moore & Chisholm 1999, Kulk et al. 2011). The unchanged 
levels of chlorophyll a and the increase in absorption per chlorophyll a therefore suggest 
that light harvesting capacity increased during nutrient starvation in P. marinus. However, 
photoinhibition and viability loss during high irradiance exposure did not increase after 
nutrient starvation in P. marinus, suggesting that additional photophysiological changes 
must have occurred during nutrient starvation. Because viability loss during high irradiance 
exposure was not increased when PTOX mediated alternative electron transport downstream 
of PSII was inhibited, the changes in photophysiology during nutrient starvation were most 
likely related to PSII functioning. The maximum quantum yield of PSII (Fv/Fm) decreased 
considerably during nutrient starvation in P. marinus. In several ecotypes of Prochlorococcus 
spp., a similar decrease in Fv/Fm during N starvation was observed (Steglich et al. 2001, 
Lindell et al. 2002) and paralleled a decrease in functional PSII reaction centers in a low 
light adapted ecotype of Prochlorococcus spp. (Steglich et al. 2001). It is likely that a similar 
decline in functional PSII reaction centers occurred during nutrient starvation in P. marinus, 
although differences among Prochlorococcus ecotypes cannot be excluded. This potential 
loss of functional PSII reaction centers is not associated with photoinhibition at growth 
irradiance, because photoinhibition during high irradiance exposure decreased when nutrient 
availability was low and the inhibition of D1 repair had no effect on photoinhibition (data 
not shown) and viability loss during high irradiance exposure. Possibly, the loss of functional 
PSII reaction centers is caused by the disconnection of light harvesting complexes (Riethman 
& Sherman 1988, Steglich et al. 2001, Behrenfeld & Milligan 2013). This has been observed 
for several phytoplankton species during Fe starvation (Greene et al. 1991, for a review 
see Behrenfeld & Milligan 2013) and would explain why levels of cellular chlorophyll a 
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remained unchanged during nutrient starvation in P. marinus.
The lower sensitivity to high irradiance exposure in Ostreococcus sp. was observed 

under both N and P starvation. The increase in cellular chlorophyll a coincided with a decrease 
in chlorophyll absorption, suggesting that the light harvesting capacity was little affected by 
nutrient starvation in Ostreococcus sp. Generally the chlorophyll a concentration decreases, 
while chlorophyll specific absorption increases during nutrient starvation in eukaryotic 
phytoplankton species (Geider et al. 1993, Berges & Falkowski 1998, Loebl et al. 2010), but 
a similar response to Ostreococcus sp. was found in Dunalliela tertiolecta during P starvation 
(La Roche et al. 1993). When photoprotection is considered in Ostreococcus sp., clear 
differences between N and P starvation were observed. During N starvation, the concentration 
as well as the de-epoxidation state of the xanthophyll pigment cycle increased, similar to 
other phytoplankton species (Geider et al. 1993, Berges & Falkowski 1998, Franklin et al. 
2012). The increased de-epoxidation state of the xanthophyll pigment cycle coincided with 
an increase in the dissipation of excess energy during high irradiance exposure (fast relaxing 
non photochemical quenching) and might explain why the Fv/Fm decreased in Ostreococcus 
sp. In contrast to N starvation, the de-epoxidation state of the xanthophyll pigment cycle did 
not increase during P starvation. However, fast relaxing non photochemical quenching was 
at similar levels during N and P starvation. Therefore, another photoregulating mechanism 
contributing to fast relaxing non photochemical quenching may have played an important 
role during P starvation in Ostreococcus sp. It was earlier suggested that PTOX mediated 
electron transport regulates light harvesting energy in oceanic ecotypes of Ostreococcus spp. 
(Cardol et al. 2008), which is also evident in the present study from the significant decrease 
in viability during high irradiance exposure when this process was inhibited by Pgal. Since 
viability loss was higher when Ostreococcus sp. was grown at N:P 35 compared with N:P 
2, it seems that PTOX mediated electron transport instead of the xanthophyll pigment cycle 
played a more important role in photoregulation during low P availability. 

T. oceanica showed lowest viability loss during high irradiance exposure. In this 
species, the lower sensitivity to high irradiance during nutrient starvation was evident 
from reduced photoinhibition (P starvation) and reduced viability loss when PTOX 
mediated alternative electron transport was inhibited (both N and P starvation). This lower 
photoinhibition and viability loss was associated with an increase in photoprotection by 
the xanthophyll pigment cycle during nutrient starvation. The xanthophyll cycle pigments 
increased relative to chlorophyll a and per cell during nutrient starvation in T. oceanica. 
Moreover, the de-epoxidation state of the xanthophyll pigment cycle increased during nutrient 
starvation. These changes in photoprotective pigmentation were earlier observed in other 
diatom species, such as Phaeodactylum tricornutum (Geider et al. 1993) and C. brevis (Van 
de Poll et al. 2005), during both N and P starvation. The increased de-epoxidation state of the 
xanthophyll pigment cycle during nutrient starvation in T. oceanica coincided with a strongly 
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enhanced dissipation of excess energy by non photochemical quenching. Enhanced fast 
relaxing non photochemical quenching could explain the decrease in Fv/Fm observed during 
nutrient starvation in T. oceanica and other diatom species (Geider et al. 1993, Van de Poll et 
al. 2005). Although PTOX mediated alternative electron transport was present in T. oceanica 
and it clearly supported survival during high irradiance exposure, it is unclear whether this 
mechanism functions in a similar fashion as compared to Ostreococcus sp. (this study, Cardol 
et al. 2008). In Thalassiosira pseudonana, alternative electron transport routes do seem to 
play an important role in addition to non photochemical quenching processes in the prevention 
of photoinhibition (Waring et al. 2010). In addition to enhanced photoprotection, T. oceanica 
reduced light harvesting capacity during N starvation by a decrease in cellular chlorophyll a 
concentrations. This is a common response to nutrient starvation in eukaryotic phytoplankton 
(Geider et al. 1993, Berges & Falkowski 1998, Loebl et al. 2010), but was not observed 
during P starvation in T. oceanica. It is possible that during P starvation, selective degradation 
of membrane proteins occurred, rather than proteins associated with light harvesting complex 
and the Calvin cycle as observed during N starvation (Plumley & Schmidt 1989, Geider et al. 
1993, Berges & Falkowski 1998). This is partly confirmed by the lower decrease in cellular 
N during P starvation compared with N starvation in T. oceanica (data not shown). Changes 
in chlorophyll absorption were not observed in T. oceanica, suggesting that the alterations 
in pigmentation were the main factor influencing light harvesting capacity during nutrient 
starvation. 

The present study showed that high irradiance exposure can cause considerable viability 
loss in phytoplankton in the upper mixed layer of open oligotrophic oceans. However, low 
nutrient availability does not necessarily decrease viability in oceanic phytoplankton. Instead, 
it may have a positive feedback on the high irradiance response of oceanic phytoplankton.  
P. marinus, Ostreococcus sp., and T. oceanica showed reduced sensitivity to high irradiance 
exposure when nutrient availability was low, although species specific differences were 
observed. In P. marinus, the lower sensitivity to high irradiance intensities at low nutrient 
availability was related to changes in a photoregulating process prior to electron transport that 
did not involve changes in pigmentation, possibly the decoupling of antenna complexes from 
PSII. In Ostreococcus sp., the reduced high irradiance sensitivity was related to enhanced 
photoprotection by the xanthophyll pigment cycle or alternative electron transport, depending 
on the limiting nutrient. In T. oceanica, enhanced photoprotection by the xanthophyll pigment 
cycle ensured lower sensitivity to high irradiance exposure when nutrient availability was low. 
Ultimately, low nutrient availability may determine the distribution and primary production of 
oceanic phytoplankton, but high PAR and UVR exposure, grazing pressure, or viral infection 
rather than nutrient availability governs viability loss of phytoplankton in open oligotrophic 
oceans. Climate change may increase the average irradiance intensity oceanic phytoplankton 
experience and may simultaneously decrease nutrient availability due to enhanced thermal 
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stratification. This will influence phytoplankton viability loss, as demonstrated by the present 
study. However, the interplay between these changing conditions needs to be addressed in 
more detail to understand and predict the consequences of climate change for phytoplankton 
productivity and community composition in open oceans. 
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Abstract
This study aimed to identify relationships between phytoplankton and abiotic factors along 
an existing temperature and stratification gradient in the Northeast Atlantic Ocean. Therefore, 
relationships between sea surface temperature (>10 m) and vertical density stratification, 
nutrient concentrations, and phytoplankton biomass, species composition, and chlorophyll a 
specific absorption were assessed in spring and summer from latitudes 29-63° N. Furthermore, 
a bio-optical model was used to estimate productivity for five phytoplankton groups. Results 
showed that nutrient concentrations (integrated from 0-125 m) were inversely correlated 
with sea surface temperature in spring and summer. Sea surface temperature was inversely 
correlated with near surface (0-50 m) chlorophyll a and productivity at stratified stations 
and showed an exponential relationship. Chlorophyll a specific absorption and excess 
light experiments indicated photoacclimation to lower irradiance intensities of the natural 
phytoplankton communities in spring compared with summer. In addition, chlorophyll a 
specific absorption suggested that phytoplankton size decreased in summer. The contribution 
of cyanobacteria to water column productivity at stratified stations correlated positively with 
sea surface temperature and inversely with nutrient concentrations. This suggests that a rise 
in sea surface temperature (between 13-23 °C) stimulates productivity by cyanobacteria at 
the expense of haptophytes, which showed an inverse relationship to sea surface temperature. 
At higher latitudes, where rising sea surface temperature may prolong the stratified season, 
haptophyte productivity may expand at the expense of diatom productivity. Depth integrated 
(0-410 m) chlorophyll a was greatest in spring at higher latitudes, where stratification in 
the upper 200 m was weakest. This suggests that stronger stratification does not necessarily 
result in higher phytoplankton standing stocks in this region.
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Introduction
Phytoplankton growth in the oceans ultimately depends on seasonal and interannual 
climatological cycles that determine the availability of nutrients and light. In addition, loss 
factors such a grazing, viral lyses, and sinking influence phytoplankton standing stocks. 
In the open ocean, vertical density stratification is an important process in shaping the 
resource availability for phytoplankton growth. Stabilization of the water column allows 
phytoplankton to exploit higher irradiance intensities near the surface. However, stratification 
also inhibits exchange with nutrient rich deep water, potentially leading to nutrient limitation 
of phytoplankton near the surface. In the absence of stratification in winter and early spring, 
the depth of vertical mixing due to wind and convection can expand by more than one order 
of magnitude, reducing phytoplankton light availability and increasing nutrient availability. 
Furthermore, stratification may affect predator-prey and viral-algal host interactions by 
influencing encounter rates (Behrenfeld 2010, Baudoux et al. 2008). Stratification is also 
an important factor in the seasonal development of the taxonomic composition of the 
phytoplankton community in open oceans. Changes in species composition often coincide 
with changes in cell size, because an increased surface-to-volume ratio is advantageous 
under low nutrient concentrations typical for stratified water columns (Chisholm & Morel 
1991). High nutrient concentrations and turbulence due to winter mixing support the growth 
of larger phytoplankton species such as diatoms, whereas the onset of stratification in spring 
leads to a succession towards smaller phytoplankton species (Litchman et al. 2007, Claustre 
et al. 2005). Low nutrient availability in the (sub)tropical oligotrophic ocean results in 
the dominance of cyanobacteria like Prochlorococcus spp. and Synechococcus spp. over 
eukaryotic picophytoplankton species (Li 1994, Johnson et al. 2006). The changes in the 
taxonomic composition of the phytoplankton community can affect primary production and 
carbon storage to the deep ocean (Claustre et al. 2005, Martin et al. 2011).

Apart from pronounced seasonal changes, the North Atlantic Ocean experiences 
fluctuations in sea surface temperature (SST, >10 m) on interannual and multidecadal 
scales due to the influences of the North Atlantic Oscillation and the Atlantic Multidecadal 
Oscillation (changes in the range of 0.5 °C) (Drinkwater et al. 2003, Enfield et al. 2001, 
Ting et al. 2009). In addition, the North Atlantic Ocean has experienced significant warming 
as a result of global climate change (Gleckler et al. 2012), which is expected to continue 
over the next decades. The response of ocean productivity to these rising temperatures is 
under debate. Models predict that increased SST will enhance stratification of the upper 
oceans (Steinacher et al. 2010, Hofmann et al. 2011), thereby reducing the depth of the 
mixed layer and decreasing nutrient exchange with the deep ocean. Remote sensing derived, 
globally averaged chlorophyll a and productivity consequently showed a significant negative 
relationship with density differences in the upper oligotrophic open oceans (Behrenfeld et al. 
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2006, Polovina et al. 2008). However, long term monitoring sites and historical records for 
estimated chlorophyll a showed contrasting trends for the North Atlantic Ocean and other 
oceanic regions (Boyce et al. 2010, Chavez et al. 2010). Furthermore, no evidence for the 
interannual control of phytoplankton biomass and productivity by stratification was observed 
in the subtropical North Pacific Ocean and North Atlantic Ocean, although stratification 
correlated on a seasonal timescale with phytoplankton productivity (Dave & Lozier 2010, 
Lozier et al. 2011). At mid- and higher latitudes, stratification has been associated with 
bloom formation in the North Atlantic Ocean (Dutkiewicz et al. 2001). Here, termination of 
convection and the onset of stratification initiated the phytoplankton spring bloom (Siegel et 
al. 2002, Taylor & Ferrari 2011, Mahadevan et al. 2012). Earlier onset of stratification in the 
subpolar North Atlantic Ocean may prolong the phytoplankton bloom season (Racault et al. 
2012). As such, different responses to stratification can be expected between the subpolar and 
subtropical North Atlantic Ocean (Richardson & Schoeman 2004).

In the present study, it is hypothesized that SST influences the phytoplankton 
biomass and the species composition of the phytoplankton community by affecting nutrient 
concentrations in the upper open ocean. Relationships between SST and nutrient concentrations 
can therefore be expected along existing temperature gradients in the North Atlantic Ocean. 
Furthermore, relationships between SST and phytoplankton biomass, composition, and 
productivity can be expected along these same gradients. Recent studies on the relationship 
between temperature and stratification versus phytoplankton biomass and productivity have 
focused on the oligotrophic open ocean, where nutrient limitation of phytoplankton is a 
dominant feature (Behrenfeld et al. 2006, Polovina et al. 2008, Dave & Lozier 2010, Lozier 
et al. 2011). In this context, more temperate and higher latitude regions have received less 
attention and studies that include both low (oligotrophic) and high latitudes are currently 
lacking. In the North Atlantic Ocean, a pronounced gradient in SST and stratification can 
be observed from low (29° N) to higher (63° N) latitudes (Jurado et al. 2012a, Jurado et al. 
2012b). In the present study, seasonal changes in phytoplankton biomass, productivity, and 
species composition in relationship to stratification, SST, and nutrient and light availability 
are investigated along this gradient. Furthermore, a bio-optical model was used to estimate 
daily water column productivity in the euphotic zone, using in situ phytoplankton biomass 
(chlorophyll a), phytoplankton species composition (pigments), light, and temperature as 
variables. This model also provided insights into the contribution of five taxonomic groups to 
the primary production of the total phytoplankton community. Because stratification shows 
strong seasonality at temperate and higher latitudes, the gradient in the North Atlantic Ocean 
was sampled during spring, when stratification was weak, and in summer, when strongest 
stratification occurred.
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Methods
Two cruises were performed in the North Atlantic Ocean onboard the R/V Pelagia between 
the Canary Islands and Iceland (spring: April/May 2011, summer: July/August 2009). The 
cruise track covered subtropical, temperate, and subpolar regions of the North Atlantic Ocean 
(Figure 6.1). Samples were collected with a trace metal clean conductivity, temperature, and 
depth (CTD) frame equipped with 27 l (spring) and 12 l (summer) sample bottles. Samples 
for macronutrients, pigments, chlorophyll a specific absorption, and excess light experiments 
were obtained in a dedicated clean container.

Stratification index

The stratification index (Behrenfeld et al. 2006, Dave & Lozier 2010, Lozier et al. 2011) was 
used as a measure of stratification. The stratification index was calculated as the difference in 
potential density (Δσθ) between the upper 10 m (mean 0-10 m) and 200 m using the salinity 
and temperature profiles obtained by the CTD (Seabird 9+). The upper 200 m was considered 
non-stratified when Δσθ < 0.125 (De Boyer Montegut et al. 2004).

Nutrients

Nutrient samples (6 ml) were obtained from multiple bottles, sampling 4-7 depths. The 
samples were filtered through 0.2 μm Acrodisc filters and measured onboard for inorganic 

Figure 6.1 Cruise track for Stratiphyt I and II. Shown are the sample locations of the spring 2011 (triangles) 
and summer 2009 (circles) Stratiphyt cruises. The numbers represent the different stations.
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PO4, NH4, NO2, and NOx using a Bran & Luebbe Quaatro autoanalyzer according to 
Murphy & Riley (1962), Helder & De Vries (1979), and Grasshoff (1983). Depth profiles 
of PO4 and NO3 (calculated by subtracting NO2 from NOx) were fitted with a three or five 
parameter sigmoidal function by non-linear regression (Sigmaplot 11.0, Statsoft). Using the 
obtained function, nutrient concentrations were calculated over 1 m depth intervals for the 
potential (0-125 m), upper (0-50 m), and lower (50-125 m) euphotic zone. Furthermore, 
N:P ratios were calculated for the upper and lower euphotic zone as (NO3 + NH4) / PO4 for 
the respective depth intervals. In the present study, oligotrophic and mesotrophic stations 
were distinguished based on the concentration of NO3 in the upper euphotic zone (0-50 m). 
Oligotrophic stations were defined as those stations where NO3 in the upper euphotic zone 
was below the detection limit (0.13 µmol l-1), whereas nutrients were detectable in the upper 
euphotic zone of mesotrophic stations (Figure 6.2). The detection limit for PO4 was 0.03 
µmol l-1.

Chlorophyll a specific absorption

Samples (5-10 l) for chlorophyll a specific absorption were obtained from the subsurface 
(oligotrophic stations: ±15-30 m, mesotrophic stations: ±10-15 m) and the chlorophyll 
maximum (oligotrophic stations: ±70 m, mesotrophic stations: ±40 m). The samples were 
filtered through 47 mm GF/F filters (Whatman), frozen in liquid nitrogen, and stored at -80 
°C until analysis. For analysis, transmission and reflection from the filter was measured 
between 350-800 nm using a Varian CARY 3E UV/VIS double beam spectrophotometer 
equipped with an integrating sphere over 1 nm intervals, before and after bleaching with 1% 
sodium hypochloride (Tassan & Ferrari 1995). Chlorophyll a specific absorption (a*ph) was 
calculated between 400-700 nm using the filter clearance area, sample volume, chlorophyll a 
concentration (separate HPLC sample), and the amplification factor β (set to 2 for all samples). 
The spectrally weighted mean specific absorption coefficient (ā*) was calculated as the sum 
of a*ph between 400-700 nm and corrected by a normalized solar spectrum (maximum set to 
1). No corrections for changes in the light spectrum at depth were made. For the CHEMTAX 
calculations (see below), ā* was used to indicate differences in the species composition and 
the photoacclimation state of the phytoplankton community between samples from different 
depths.

Excess light experiments

An experimental approach was used to obtain information on the photoacclimation state 
of the phytoplankton community for the productivity calculations. Samples from the 
subsurface and the chlorophyll maximum were exposed to excess irradiance and fluorescence 
characteristics were determined during recovery in low light. Previous studies demonstrated 



119Phytoplankton in the North Atlantic Ocean

that this response strongly depends on the photoacclimation state of specific phytoplankton 
species and/or the phytoplankton community (Van de Poll et al. 2006, Van de Poll et al. 
2011). For the excess light experiments, 350 ml samples were exposed to 5 min excess light, 
provided by a 250 W MHN-TD lamp (Philips) and two 20 W TL/12 lamps (Philips), in quartz 
cuvettes at in situ temperatures. Photosynthetically active radiation (PAR, 400-700 nm) and 
PAR plus ultraviolet radiation (UVR, 280-400 nm) conditions were obtained by GG395 
and WG305 filters (Schott AG, Mainz), respectively (Table S6). 30 ml subsamples from 
the quartz cuvettes were obtained directly after exposure and during recovery in low light 
at 5 min intervals for 60 min to measure the quantum yield of photosystem II (PSII) (ΦPSII). 
Fluorescence characteristics were determined using a Water PAM with a WATER-FT flow-
through emitter-detector unit (Waltz, GmbH) according to Maxwell & Johnson (2000). The 
maximum quantum yield of PSII (Fv/Fm) was obtained from dark adapted control samples 
(150 ml). After excess light exposure, recovery of ΦPSII was determined by comparing the Fv/
Fm with the mean ΦPSII that was reached between 40 min and 60 min of recovery. Because 
fast reversible non-photochemical quenching (NPQF) relaxes within 40 min, this provides an 
indication of slowly reversible non photochemical quenching (NPQS), i.e. photoinhibition. 

Pigment composition

Four to 17 samples (5-10 l) were obtained from multiple depths at each station and filtered 
through 47 mm GF/F filters (Whatman) under mild vacuum (0.3 mbar), frozen in liquid 
nitrogen, and stored at -80 °C until analysis. Prior to analysis, filters were freeze dried (48 
h) and pigments were extracted in 90% acetone (v/v) (48 h, 4 °C, darkness). Pigments were 
separated on a Waters 2695 HPLC using a Zorbax Eclipse XDB-C8 column (3.5 μm particle 
size) as described by Hooker et al. (2009). Diode array spectroscopy (Waters 996) and 
retention time were used for pigment identification and the system was calibrated against 
standards (DHI, Denmark) for chlorophyll a1, chlorophyll a2, chlorophyll b, chlorophyll 
c2, chlorophyll c3, peridinin, 19-butanoyloxyfucoxanthin, 19-hexanoyloxyfucoxanthin, 
fucoxanthin, neoxanthin, prasinoxanthin, alloxanthin, and zeaxanthin. Total chlorophyll a 
(chlorophyll a1+2) obtained from HPLC analysis served as an indicator for phytoplankton 
biomass and was used to calibrate the fluorescence sensor from the CTD (Chelsea Aquatracka 
Mk III). For the summer cruise, a single relationship between HPLC derived chlorophyll a 
and fluorescence derived chlorophyll a was used. However, during the spring cruise, the 
relationship between HPLC derived chlorophyll a and fluorescence derived chlorophyll a 
was more variable and three different relationships were used to calibrate the fluorescence 
profiles for latitudes 29-40° N, 40-47° N, and 48-63° N. The calibrated fluorescence profiles 
were then used to calculate chlorophyll a over 1 m depth intervals. Depth integrated 
chlorophyll a was calculated for the euphotic zone (Chl-aZeu) and for defined depth intervals 
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from 0-50 m (Chl-a0-50m) and from the surface to 200-410 m (Chl-at) (chlorophyll a below 
410 m was negligible). In the present study, the euphotic zone was defined as the depth with 
0.1% of surface irradiance. This depth represents the depth below which net photosynthesis 
is negligible more accurately in open oceans than the commonly used 1% depth of surface 
irradiance. The euphotic zone was calculated using the vertical attenuation coefficient (Kd), 
which was determined from linear regression of natural log transformed PAR (measured by 
a 2 π Satlantic PAR sensor on the CTD) versus depth.

Phytoplankton species composition

The taxonomic composition of the phytoplankton community was determined using 
CHEMTAX (Mackey et al. 1996) as described by Mojica et al. (submitted). In short, 
13 pigments (chlorophyll a1, chlorophyll a2, chlorophyll b, chlorophyll c2, chlorophyll 
c3, peridinin, fucoxanthin, 19-butanoyloxyfucoxanthin, 19-hexanoyloxyfucoxanthin, 
neoxanthin, prasinoxanthin, alloxanthin, and zeaxanthin) were used to distinguish eight 
taxonomic groups (cryptophytes, diatoms, dinoflagellates, haptophytes, pelagophytes, 
prasinophytes, Prochlorococcus spp., and Synechococcus spp.). Samples were grouped 
according to latitude and separately analyzed for spring and summer to minimize the residual 
error. In oligotrophic waters, chlorophyll a specific absorption showed differences between 
subsurface samples and those from the chlorophyll maximum. In accordance, separate 
CHEMTAX analysis were performed for oligotrophic samples with depths >50 m and <50 
m, using low and high light acclimated initial pigment ratios, respectively (Table S3, S4). 
Mesotrophic stations showed no differences in chlorophyll a specific absorption between 
subsurface and chlorophyll maximum. For these stations, low light acclimated pigment ratios 
were used for all depths. Contributions of the taxonomic groups were expressed relative 
to chlorophyll a. Initial pigment ratios for CHEMTAX (Table S3, S4) were obtained from 
published pigment ratios (Zapata et al. 2004, Laviale & Neveux 2011, Kulk et al. 2011, 
Kulk et al. 2012) and from exponentially growing batch cultures (haptophytes: Emiliania 
huxleyi and Phaeocystis globosa, and diatoms: Ditylum brightwelii and Thalassiosira 
pseudonana; unpublished data). Results from the analysis by CHEMTAX were compared 
with light microscopy on fixed samples (see supplement) and with detailed flow cytometry 
data (Mojica et al. submitted). The current study focused on five phytoplankton groups used 
in the primary production model. 

Primary production

Depth integrated daily primary production in the euphotic zone (PPZeu) and in the upper 50 
m (PP0-50m) were calculated for each station using a diagnostic bio-optical model comparable 
to that of Claustre et al. (2005) and Uitz et al. (2008). The model uses in situ temperature, 
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light, light attenuation, and chlorophyll a profiles to estimate the primary production of 
different oceanic phytoplankton groups. In contrast to the models presented by Claustre 
et al. (2005) and Uitz et al. (2008), the current model uses CHEMTAX based taxonomic 
groups and laboratory determined primary production rates. Furthermore, the recovery of 
ΦPSII after excess light exposure was used as a measure of the photoacclimation state of the 
phytoplankton community. 

Light and in situ data
In situ measurements obtained during the two cruises in the North Atlantic Ocean were used 
to set the irradiance climate, temperature, and biomass in the model. The daily light dose at 
each station was obtained using data (level 3, 9 d average) from the Moderate Resolution 
Imaging Spectroradiometer (MODIS) satellite from the Giovanni ocean color radiometry 
portal (MAMO_PAR_9km.CR). The time resolved surface PAR was then calculated using 
the formulations for the diurnal variation of solar irradiance from Kirk et al. (1994). PAR 
attenuation for 1 m depth intervals was calculated using the Kd determined from PAR profiles 
of the CTD (see supplement for detailed method). The in situ SST (CTD temperature at 10 
m depth) during the spring and summer cruise in the North Atlantic Ocean ranged from 7.7-
23.3 °C. Because the model is based on laboratory measurements at 20 °C, a temperature 
correction was applied. In addition, a linear relationship between carbon fixation and 
temperature was assumed (-0.045 mg C m-2 d-1 °C-1). Phytoplankton biomass (chlorophyll a) 
was obtained from in situ fluorescence profiles (1 m depth intervals), which were calibrated 
to HPLC derived chlorophyll a concentrations as described above.

Primary production calculations
Five phytoplankton groups were distinguished to model primary production, namely 
group 1: Prochlorococcus spp., group 2: Synechococcus spp., group 3: Prasinophyceae, 
Pelagophyceae, and Cryptophyceae, group 4: Haptophyceae and Dinophyceae, and group 
5: diatoms. Photosynthetic characteristics of these functional groups were obtained from 14C 
based photosynthesis versus irradiances (P-E) measurements of Prochlorococcus marinus 
eMED4 (group 1), Synechococcus sp. (group 2), Ostreococcus sp. (group 3), Emiliania 
huxleyi (group 4), and Thalassiosira oceanica (group 5) (Kulk et al. 2011). Photosynthetic 
characteristic of low light (50 μmol photons m-2 s-1) and high light (125 μmol photons m-2 
s-1) acclimated phytoplankton were used to calculate carbon fixation rates (Table S1). During 
summer, a vertical structure in photosynthetic characteristics was assumed. The depth where 
the PAR dose exceeded the dose experienced by the high light acclimated cultures (125 μmol 
photons m-2 s-1) was calculated from the Kd. Above this depth, phytoplankton were assumed 
to be high light acclimated, whereas low light acclimated phytoplankton (50 μmol photons 
m-2 s-1) were assumed below this depth. During spring, all phytoplankton were assumed to be 
low light acclimated. The chlorophyll a specific absorption and the excess light experiments 
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indicated that phytoplankton were low light acclimated and the vertical structure of the water 
column was less pronounced in spring. Depth integrated primary production was calculated 
according to Platt et al. (1980) (see supplement) for a 24 h period over 1 h time intervals in 
the euphotic zone for the five functional phytoplankton groups.

Figure 6.2 Latitudinal changes in abiotic data. Shown are the differences in density in the upper 200 m (Δσθ) 
and sea surface temperature (SST) in (a) spring and (b) summer, the depth integrated nitrate (NO  3) concentration in 
the upper (0-50m) and the lower (50-150m) euphotic zone in (c) spring and (d) summer, and the depth integrated 
phosphate (PO 4) concentration in the upper (0-50m) and the lower (50-150m) euphotic zone in (e) spring and (f) 
summer. Dark grey symbols represent data from non-stratified stations. The light grey area indicates the oligotrophic 
region during spring (<39° N) and summer (<45° N).
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Statistics

Relationships between nutrient concentration (N0-125m and P0-125 m), SST, density differences 
(Δσθ), phytoplankton biomass (chlorophyll a), and phytoplankton productivity (PP) were 
assessed by calculating the Spearman rank order correlation coefficient (ρ) (SigmaPlot 
11.0, Systat). The following indicators for phytoplankton biomass were used: chlorophyll 
a concentration in samples from 10-20 m (Chl-as), chlorophyll a integrated over 0-50 m 
(Chl-a0-50m), and total depth integrated chlorophyll a (surface down to 200-410 m, Chl-at). 
The daily integrated productivity in the euphotic zone (PPZeu) and the daily productivity 
integrated over 0-50 m (PP0-50m) were used as measures for productivity. In addition, the 
relationships between the contributions of the five functional phytoplankton groups to 
productivity were assessed. Spring and summer cruises were tested separately (n = 32). 
Furthermore, relationships were assessed for stratified (spring + summer, n = 52) and non-
stratified (spring, n = 12) stations. Chlorophyll a specific absorption data from oligotrophic 
and mesotrophic stations were pooled (subsurface and chlorophyll maximum separately) and 
tested with a one way ANOVA using Statistica software (version 8.0, StatSoft). Differences 
were considered significant when p < 0.05. 

Results

Vertical density stratification

In summer, all stations were stratified, whereas weaker stratification was found in spring 
(Figure 6.2). In spring, the upper 200 m of the 12 stations above 47° N were considered to 
be non-stratified (Δσθ < 0.125). In both seasons, the stratification index was highest at lower 
latitudes and declined at higher latitudes, but the latitudinal gradient was less pronounced in 
spring compared with summer. The correlation between the stratification index and SST was 
weaker in spring than in summer (ρ = 0.78 versus ρ = 0.87, data not shown).

Table 6.1  Spearman rank order correlation coefficients (ρ) for nitrate (N0-125m) and inorganic phosphate (P0-

125m) concentrations in the potential euphotic zone versus sea surface temperature (SST) and density differences 
in the upper 200 m (Δσθ). Correlation coefficients during spring (n = 32) and summer (n = 32) and in the stratified 
stations during both spring and summer (n = 52), and the non-stratified stations during both spring and summer 
cruises (n = 12) are given. * indicate significant correlations.

Spring Summer Stratified Non-stratified

SST Δσθ SST Δσθ SST Δσθ SST Δσθ

N0-125m -0.99* -0.75* -0.99* -0.87* -0.84* -0.10 -0.91* -0.24

P0-125m -0.98* -0.74* -0.99* -0.86* -0.84* -0.10 -0.97* -0.35
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Nutrients

Oligotrophic conditions were encountered up to latitude 39° N in spring and 45° N in 
summer. N and P concentrations in the lower euphotic zone (N0-125m and P0-125m, respectively) 
increased linearly with latitude and did not show significant differences between spring and 
summer (Figure 6.2). At mesotrophic stations, N and P in the upper euphotic zone (N0-50m and 
P0-50m, respectively) increased with latitude and nutrient concentrations were higher in spring 
than in summer. N0-125m and P0-125m showed strong inverse correlations with SST in spring 
and summer and for stratified (spring + summer) and non-stratified stations (Table 6.1). The 
correlations between the stratification index and N0-125m and P0-125m were weaker in spring than 
in summer and were not significant for stratified and non-stratified stations. Integrated N 
and P concentrations in the euphotic zone were on average five times higher at non-stratified 
stations compared to stratified stations (data not shown).

Average N:P ratios for the upper euphotic zone of oligotrophic stations were 9.6 ± 
3.6 and 12.0 ± 6.2 for spring and summer, respectively (data not shown). Four oligotrophic 
stations showed high N:P ratios due to extremely low P concentrations and were excluded 
from the N:P calculations. At mesotrophic stations, the average N:P ratio of the upper 
euphotic zone was 15.3 ± 0.9 and 13.2 ± 1.4  for spring and summer, respectively. Average 
N:P ratios for the lower euphotic zone were 14.0 ± 3.7 in spring and 16.5 ± 0.9 in summer 
at oligotrophic stations and 15.9 ± 0.6 in spring and 16.1 ± 0.3 in summer at mesotrophic 
stations.

Figure 6.3 Chlorophyll a absorption. The mean spectrally weighted mean specific absorption coefficient (ā*) 
(± standard deviation, n = 12-17) in the subsurface and chlorophyll maximum (Chl max) samples from oligotrophic 
(light grey bars) and mesotrophic (white bars) stations in (a) spring and (b) summer are shown. Exact number of 
replicates is given in the bars. * indicate significant differences between subsurface and chlorophyll maximum samples.
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Phytoplankton chlorophyll a specific absorption 

At oligotrophic stations, the spectrally weighted mean specific absorption coefficient (ā*) was 
significantly higher in samples from the subsurface compared with the chlorophyll maximum 
in spring and summer (p < 0.01) (Figure 6.3). At mesotrophic stations, ā* was not different 
between samples from the subsurface and chlorophyll maximum in spring or summer. ā* was 
on average 37% lower in spring compared with summer (p < 0.001).

Excess light experiments

The maximum quantum yield of PSII (Fv/Fm) (dark adapted controls) showed no significant 
difference between spring (0.636) and summer (0.628). The quantum yield of PSII (ΦPSII) 
showed a strong response to excess light, but this initial response was not significantly 

Figure 6.4 Excess light experiments. The recovery of the quantum yield of photosystem II (ΦPSII) after excess 
light exposure is given as a percentage of the maximum quantum yield of PSII (Fv/Fm) in subsurface and chlorophyll 
maximum (Chl max) samples from oligotrophic (light grey bars) and mesotrophic (white bars) stations in (a,c) 
spring and (b,d) summer. Samples were exposed to two treatments: photosynthetically active radiation (PAR) and 
PAR + ultraviolet radiation (PAR+UVR). Exact number of replicates is given in the bars. * indicate significant 
differences between subsurface and chlorophyll maximum samples.
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different between PAR and PAR+UVR, nor among stations (data not shown). In contrast, 
recovery from excess light showed significant differences between spring and summer. The 
ΦPSII of subsurface samples recovered to 90% of the Fv/Fm within 1 h in summer. In contrast, 
the ΦPSII recovery was 65% in spring, suggesting low light acclimation (Figure 6.4). The ΦPSII 
of chlorophyll maximum samples at oligotrophic stations showed significantly less recovery 
in spring and summer (40-50% of Fv/Fm) (Figure 6.4). PAR+UVR caused lower recovery of 
chlorophyll maximum samples at oligotrophic stations compared with PAR, but UVR effects 
were not significant at mesotrophic stations in spring or summer. 

Figure 6.5 Latitudinal changes in phytoplankton biomass. Shown are the surface chlorophyll a (Chl-as) in (a) 
spring and (b) summer, the depth integrated chlorophyll a from the surface to 200-410 m (Chl-at) in (c) spring and 
(d) summer, and the percentage of chlorophyll a in the euphotic zone (Chl-aZeu) in (e) spring and (f) summer. Dark 
grey symbols represent data from non-stratified stations.
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Phytoplankton biomass

Oligotrophic stations showed a deep chlorophyll maximum (DCM), but surface chlorophyll 
a (Chl-as) at these stations was lower compared with mesotrophic stations. Mean Chl-as was 
higher in spring (0.23 ± 0.07 mg m-3) than in summer (0.08 ± 0.03 mg m-3) at oligotrophic 
stations (Figure 6.5). More variability in Chl-as was observed at mesotrophic stations, with 
maximal surface concentrations (2.0 mg m-3) at mid-latitudes during spring and at higher 
latitudes during summer. Mean depth integrated chlorophyll a (Chl-at) at oligotrophic 
stations was 49 ± 11 mg m-2 and 23 ± 6 mg m-2 for spring and summer, respectively. Stronger 
seasonal differences were found in Chl-at at mesotrophic stations, with on average 112 ± 36 
mg m-2 and 33 ± 11 mg m-2 in spring and summer, respectively. Non-stratified stations showed 
highest Chl-at (up to 190 mg m-2, integrated over 410 m). Depth integrated chlorophyll a in 
the euphotic zone (Chl-aZeu) declined with increasing latitude from 80% to 30% in spring, 
whereas 90% of chlorophyll a was found within the euphotic zone in summer (Figure 6.5). 
In spring, Chl-aZeu correlated positively with SST (ρ = 0.92), but this was not observed in 

Table 6.2  Spearman rank order correlation coefficients (ρ) for phytoplankton biomass and productivity 
versus nitrate (N0-125m) and inorganic phosphate (P0-125m) concentrations in the potential euphotic zone, sea surface 
temperature (SST), and density differences in the upper 200 m (Δσθ). Surface chlorophyll a (Chl-as), chlorophyll 
a in the upper euphotic zone (Chl-a0-50m), and chlorophyll a integrated from the surface to 200-410 m (Chl-
at) were used as biomass indicators. Productivity in the upper euphotic zone (PP0-50m) and productivity in the 
euphotic zone (PPZeu) were used as indicators for productivity. Data are shown for spring and summer cruises (n 
= 32), and for the stratified stations from both cruises (n = 52). * indicate significant correlations.

N0-125m P0-125m SST Δσθ

Spring Chl-as 0.59* 0.59* -0.61* -0.34

Chl-a0-50m 0.41* 0.40 -0.41 -0.05

Chl-at 0.89* 0.89* -0.91* -0.72*

PP0-50m 0.43 0.44 -0.47* 0.17

PPZeu 0.48* 0.49* -0.50* 0.20

Summer Chl-as 0.95* 0.95* -0.96* -0.86*

Chl-a0-50m 0.92* 0.92* -0.92* -0.83*

Chl-at 0.66* 0.66* -0.66* -0.51*

PP0-50m 0.88* 0.89* -0.89* -0.84*

PPZeu 0.87* 0.88* -0.87* -0.83*

Stratified Chl-as 0.69* 0.69* -0.91* -0.62*

Chl-a0-50m 0.72* 0.72* -0.88* -0.60*

Chl-at 0.17 0.17 -0.56* -0.79*

PP0-50m 0.78* 0.80* -0.87* -0.46*

PPZeu 0.78* 0.79* -0.85* -0.42*
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summer. Chl-as and Chl-a0-50m correlated with N0-125m and P0-125m, whereas inverse correlations 
were observed with SST (Table 6.2, Figure 6.6). Correlations between these variables were 
weaker in spring compared with summer. In spring, Chl-at correlated with N0-125m and P0-125m, 
SST, and the stratification index. At stratified stations (spring + summer), Chl-as and Chl-
a0-50m showed significant inverse correlations with SST and the stratification index, whereas 
positive correlations with N0-125m and P0-125m were observed (Table 6.2). The relationships 
between chlorophyll a (Chl-as and Chl-a0-50m) and SST was best described by an exponentially 
declining function (Figure 6.6). Chlorophyll a concentrations at non-stratified stations were 
not correlated with N0-125m, P0-125m, SST, and the stratification index (data not shown).

Primary production

Daily primary production in the euphotic zone (PPZeu) was higher in spring (722 ± 192 
mg C m-2 d-1) than in summer (457 ± 242 mg C m-2  d-1) at oligotrophic stations (Figure 
6.7). However, at mesotrophic stations, PPZeu was significantly higher in summer than in 
spring (1627 ± 416 mg C m-2 d-1 and 1210 ± 225 mg C m-2 d-1, respectively). In summer, 
PPZeu and PP0-50m correlated positively with N0-125m and P0-125m and inversely with SST and 
the stratification index (n = 32, Table 6.2). These correlations were weaker in spring (n = 
32). PPZeu and PP0-50m showed an inverse correlation with SST at stratified stations (spring + 
summer) (Table 6.2, Figure 6.6) and a positive correlation with N0-125m and P0-125m (Table 6.2). 
The relationship between PP0-50m and SST was best described by an exponentially declining 
function (Figure 6.6). There was a weak inverse correlation between productivity and the 

Table 6.3  Spearman rank order correlation coefficients (ρ) for the contribution to primary production 
of group 1 (Prochlorococcus spp.), group 2 (Synechococcus spp.), group 1+2 (Cyanobacteria), group 3 
(Prasinophytes, cryptophytes, and pelagophytes ), group 4 (Haptophytes and dinophytes), and group 5 (Diatoms) 
versus nitrate (N0-125m) and inorganic phosphate (P0-125m) concentrations in the potential euphotic zone, sea surface 
temperature (SST), and density differences in the upper 200 m (Δσθ). Data are shown for stratified (n = 52) and 
non-stratified (n = 12) stations during spring and summer. * indicate significant correlations.

N0-125m P0-125m SST Δσθ

Stratified Group 1: Prochlorococcus -0.77* -0.77* 0.88* 0.53*

Group 2: Synechococcus -0.79* -0.80* 0.77* 0.35

Group 1+2: Cyanobacteria -0.83* -0.83* 0.82* 0.38

Group 3: Prasinophytes 0.01 -0.03 0.11 0.07

Group 4: Haptophytes 0.60* 0.60* -0.59* -0.29

Group 5: Diatoms -0.09 -0.23 0.26 -0.28

Non-stratified Group 3: Prasinophytes 0.90* 0.89* -0.79* -0.22

Group 4: Haptophytes -0.76* -0.76* 0.78* 0.35

Group 5: Diatoms -0.73* -0.71* 0.59* 0.01
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Figure 6.6 Relationships between phytoplankton biomass, primary production, and sea surface temperature. 
Shown are (a) the depth integrated chlorophyll a from the surface to 50 m (Chl-a0-50m), (b) the depth integrated 
primary production from the surface to 50 m (PP0-50m), and (c) the contribution of cyanobacteria (group 1+2) to total 
primary production in the euphotic zone versus sea surface temperature (SST) during spring and summer. Note the 
exponential y-axis in panel a and b.
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stratification index at stratified stations (Table 6.2). Productivity at non-stratified stations 
showed no correlations with N0-125m, P0-125m, and SST (data not shown).

Cyanobacteria contributed up to 40% to community production at oligotrophic 
stations (group 1+2) (Figure 6.6). At stratified stations (spring + summer), the contribution of 
cyanobacteria was inversely correlated with N0-125m and P0-125m and positively correlated with 
SST. No significant relationship was found between the productivity of cyanobacteria and the 
stratification index (Table 6.3). At mesotrophic stations, the productivity of cyanobacteria was 
of minor importance (Figure 6.7). On average 30% of group 3 (prasinophytes, pelagophytes 
and cryptophytes) consisted of prasinophytes (data not shown). Group 3 showed a relatively 
stable contribution to productivity at stratified stations (on average 30%). At non-stratified 
stations, the contribution to community production of group 3 increased up to 73% and 
showed positive correlations with N0-125m and P0-125m and an inverse correlation with SST 
(Table 6.3). Haptophytes were the most important contributor of group 4 (haptophytes, 
dinophytes) in spring (91%) and summer (75%). On average, group 4 accounted for 50% 
of the community production at mesotrophic stations, whereas this was 37% at oligotrophic 
stations (Figure 6.8). At stratified stations (spring + summer), the contribution of group 4 
correlated positively with N0-125m and P0-125m and inversely with SST (Table 6.3). At non-
stratified stations, group 4 showed inverse correlations with N0-125m and P0-125m and a positive 
correlation with SST. The contribution of diatoms (group 5) to community production was 
highest at higher latitudes during the spring (up to 60%) compared with summer (on average 

Figure 6.7 Latitudinal changes in primary production. The total primary production in the euphotic zone 
(PPZeu) is shown for (a) spring and (b) summer. Primary production was estimated from in situ phytoplankton 
biomass, species composition, irradiance, and temperature using a bio-optical model. Dark grey symbols represent 
data from non-stratified stations.
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Figure 6.8 Contribution of different oceanic phytoplankton groups to primary production. The contribution to 
primary production in the euphotic zone is shown for group 1 (Prochlorococcus spp.) and group 1+2 (Cyanobacteria) 
in (a) spring and (b) summer, group 3 (Prasinophytes, cryptophytes, and pelagophytes) in (c) spring and (d) summer, 
group 4 (Haptophytes and dinophytes) in (e) spring and (f) summer, and group 5 (Diatoms) in (g) spring and (h) 
summer. Dark grey symbols represent data from non-stratified stations. Note that the scales are different between the 
panels.
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8%) (Figure 6.8). The contribution of group 5 to community production at stratified stations 
did not show correlations with N0-125m, P0-125m, and SST (Table 6.3). At non-stratified stations, 
this group was inversely correlated with N0-125m and P0-125m and positively correlated with SST 
(Table 6.3).

Discussion

Phytoplankton biomass and productivity in relationship to SST, stratification, 
and nutrients

The spring and summer comparison of open ocean stations in the North Atlantic Ocean (29-
63° N) showed that phytoplankton biomass, productivity, and species composition were 
correlated with N, P, and SST. In the present study, the potential nutrient availability for 
phytoplankton was estimated by integration of nutrient concentrations over 0-125 m (N0-

125m and P0-125m). The positive correlations between N0-125m and P0-125m and chlorophyll a 
and productivity suggested that open ocean phytoplankton biomass and productivity were 
controlled by the availability of these nutrients in the investigated region. SST was inversely 
correlated with phytoplankton biomass, phytoplankton productivity, N0-125m, and P0-125m. This 
suggests that SST is important in determining nutrient availability for phytoplankton by 
influencing vertical exchange with deeper nutrient rich water. The observed relationships 
were stronger with SST than with the stratification index. In spring, nutrient concentrations 
were more uncoupled from stratification, i.e. where less reflected by the differences in density. 
The correlation between SST and nutrients at non-stratified stations possibly reflected the 
relationship between SST and the depth of winter mixing. In addition, correlations between 
SST and phytoplankton biomass and productivity were weaker under the weakly and non-
stratified conditions in spring. Moreover, the fraction of the phytoplankton biomass in the 
euphotic zone correlated with SST. Combined, this indicates that convective and wind 
mixing exerted a stronger influence on the distribution of chlorophyll a throughout the water 
column in spring.

The inverse relationships between SST and near surface phytoplankton biomass 
and PP0-50m at stratified stations, suggested that, phytoplankton community production in 
the North Atlantic Ocean co-varies with SST (between 13-23 °C). If this also applies to 
interannual and multidecadal SST changes, this would imply that anthropogenic warming 
of the ocean has a negative influence on phytoplankton biomass and productivity in the 
stratified open ocean within the temperature range of 13-23 °C. It should be noted that these 
correlations are not proof of causation. Nevertheless, the observed correlations between SST, 
nutrient concentrations, phytoplankton production, and chlorophyll a provide support for 
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the hypothesis that SST influences nutrients in surface layers of the open ocean and thereby 
controls phytoplankton biomass, productivity, and species composition. 

The relationship between productivity and SST at stratified stations indicated that a 
0.5 °C increase in SST would cause a 11% decline in daily productivity in the upper 50 m. 
Gregg et al. (2003) reported a 6-7% decline in annual productivity in the central and northern 
section of the North Atlantic Ocean from an increase in SST by 0.3-0.7 °C. In addition, 
the response of chlorophyll a to SST observed in the present study suggested that a rise in 
SST of 0.5 °C (between 13-23 °C) would correspond to a 12-13% decline in near surface 
chlorophyll a (Chl-as + Chl-a0-50m) during stratified conditions. The non-linear nature between 
chlorophyll a and phytoplankton productivity and SST also indicates stronger responses 
can be expected in regions with lower SST, whereas responses are smaller in regions with 
higher SST. Previously, relationships between stratification and phytoplankton biomass and 
chlorophyll a for the oligotrophic North Atlantic Ocean and Pacific Ocean were not detected 
(Dave & Lozier 2010, Lozier et al. 2011), whereas they were observed in remote sensing data 
in regions with SST above 16 °C (Behrenfeld et al. 2006). 

Stratification mediated shifts in phytoplankton biomass, productivity, and 
composition 

In spring, stations above 47° N showed minimal stratification, with potential density 
differences in the upper 200 m of 0.029 ± 0.02 kg m-3. This is less than the reported 0.12 kg 
m-3 difference for eddy driven stratification that preceded thermal stratification in the same 
region in 2008 (Mahadevan et al. 2012), but corresponds with values (0.025 kg m-3) where 
phytoplankton biomass accumulation in the upper 150 m was observed around New Zealand 
(Chiswell 2011). In the present study, relatively low surface chlorophyll a (0.7 ± 0.3 mg m-3) 
was observed at non-stratified stations and up to 70% of the chlorophyll a was found below 
the euphotic zone. Comparable observations were reported during late winter, early spring by 
Backhaus et al. (2003) for the Icelandic Basin. Inevitably, the occurrence of phytoplankton 
below the euphotic zone will slow down growth rates of the phytoplankton standing stock. 
However, productivity estimates for the euphotic zone at non-stratified stations in the present 
study were not significantly different compared to those at stratified, mesotrophic stations in 
spring.

Increased surface chlorophyll a in response to stratification of the water column 
represents the classical view of the spring bloom at mid- and higher latitudes (Sverdrup 
1953). However, the present study suggested that the pre-bloom conditions, with minimal 
stratification in the upper 200 m (beginning of May, latitude 49-62° N), were richer in 
terms of depth integrated chlorophyll a (129 ± 32 mg m-2) compared with surface blooms 
at mid-latitudes in spring (44-45° N, up to 112 ± 13 mg m-2) and surface blooms at higher 
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latitudes in summer (59-62° N: 42 ± 13 mg m-2). This also illustrates that surface chlorophyll 
a concentration can be a poor indicator of phytoplankton standing stock, since surface 
chlorophyll a was lower during pre-bloom conditions (0.7 ± 0.3 mg m-3) compared with 
spring blooms (1.8 ± 0.3 mg m-3) and summer blooms (1.3 ± 0.3 mg m-3). It was earlier 
observed that phytoplankton growth increased with increasing light in winter and early 
spring in the absence of stratification (Behrenfeld 2010). This increase in chlorophyll a can 
be masked by the diluting effect of deep convective and wind induced vertical mixing as 
proposed by Boss & Behrenfeld (2010).

Relationships between the contribution of taxonomic groups to productivity and 
SST were different for stratified and non-stratified stations. At non-stratified stations, 
productivity of group 3 (prasinophytes, cryptophytes) was inversely correlated with SST 
(7-12 °C), whereas group 4 (haptophytes) and 5 (diatoms) were positively correlated with 
SST. This suggested that temperature constrains productivity of the latter groups within this 
temperature range. In the present study, the nutrient rich conditions associated with non-
stratified stations supported significant diatom productivity (up to 60%) above SST of 8 °C. 
During stratification, the relatively large and heavy diatoms typically become nutrient (Si) 
limited (Alkire et al. 2012). Furthermore, contraction of the mixed layer and the euphotic zone 
due to stratification traps a large amount of the phytoplankton in the dark ocean (Backhaus 
et al. 2003). Estimated taxon-specific productivity from SeaWiFS observations showed that 
strongest productivity anomalies occurred in early spring in the temperate and subpolar 
North Atlantic Ocean, coinciding with diatom productivity (Uitz et al. 2010). Therefore, it 
can be expected that differences in annual primary production are for a large part caused by 
variability in diatom productivity.

The nutrient concentrations in the euphotic zone at stratified stations were on average 
five times lower compared to those at non-stratified stations. Furthermore, low N:P ratios 
indicated mostly N limitation in the upper euphotic zone (0-50 m) of stratified stations. This 
is consistent with nutrient addition experiments in the oligotrophic North Atlantic Ocean that 
have identified N as the primary limiting nutrient (Davey et al. 2008, Moore et al. 2008). 
Therefore, the ability to compete for nutrients can be expected to be an important driver 
of changes in phytoplankton species composition in the stratified North Atlantic Ocean. In 
the present study, changes in phytoplankton groups that contributed to primary production 
were observed along the latitudinal gradient in N0-125m and P0-125m. Overall, the haptophyte 
pigment signature was dominant in spring and summer. Moreover, an inverse correlation 
was observed for the contribution of group 4 (dominated by haptophytes) and SST, whereas 
there was a positive correlation between SST and group 1 and 2 (cyanobacteria) at stratified 
stations. This suggests that increased SST will increase the contribution of less productive 
species, such as Prochlorococcus spp., at the expense of more productive species, such as 
haptophytes, at low and mid-latitudes. Furthermore, the present study also suggested that 
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haptophytes succeed diatoms after stratification in spring at higher latitudes. Therefore, 
earlier stratification in spring would prolong the growth season of haptophytes at higher 
latitudes in the North Atlantic Ocean.

Productivity modeling and assumptions

Reported productivity in the North Atlantic subtropical gyre varied between 100-350 mg 
C m-2 d-1 (Morel et al. 1996, Maraňon et al. 2000, Maraňon et al. 2003). Claustre et al. 
(2005) estimated daily primary production rates of 939 ± 223 C m-2 d-1 in spring and 393 
± 80 mg C m-2 d-1 in summer in the North Atlantic Ocean between 39-45° N, which agrees 
well with our estimates for this region. In the present study, N and P were not depleted in 
summer in the upper euphotic zone (0-50 m) of mesotrophic stations. Therefore, wind events 
can temporarily raise nutrient concentration in the mixed layer in summer, making nutrient 
limitation less evident at these stations. At mesotrophic stations, reported productivity values 
do not show clear differences between spring and summer (500-2000 mg C m-2 d-1) (Bury 
et al. 2001, Weeks et al. 1993). Estimates in the present study were in the same range, but 
suggested higher productivity in summer. 

The productivity calculations in the present study were significantly influenced by 
the assumed photoacclimation state of the phytoplankton. The inclusion of these differences 
was motivated by observed differences in chlorophyll a specific absorption and recovery 
of the quantum yield of PSII after excess light exposure, which both indicated acclimation 
of the phytoplankton community to lower light intensities in spring. In the present study, 
chlorophyll a specific absorption was significantly lower (37%) in spring compared with 
summer, as was also observed by Claustre et al. (2005). This may be caused by increased 
pigment packaging due to the presence of larger phytoplankton species, such as diatoms. 
Additional evidence for seasonal differences in the chlorophyll a package effect was provided 
by the relationships between fluorescence (CTD) derived chlorophyll a and HPLC derived 
chlorophyll a concentrations, which showed a decreased chlorophyll a specific fluorescence 
yield in spring compared with summer (data not shown). Most variability in chlorophyll a 
specific absorption has been associated with changes in phytoplankton size structure (Bricaud 
et al. 2004). In the present study, reduced nutrient concentrations coincided with a shift to 
smaller phytoplankton species, which was also found in other studies (Agawin et al. 2000, 
Maraňon et al. 2001, Bouman et al. 2011). Smaller species contain less cellular chlorophyll 
a and therefore show less pigment packaging (Ciotti et al. 2002). Therefore, changes in 
phytoplankton cell size may contribute to the observed non-linear relationship between 
chlorophyll a and SST. However, acclimation to different light and nutrient conditions can 
also influence cellular chlorophyll a and chlorophyll a specific absorption (Geider et al. 1993, 
Kulk et al. 2011). Stronger turbulence in spring (Jurado et al. 2012b) may have reduced the 
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light dose experienced by phytoplankton, thereby increasing cellular pigment concentrations 
compared to the more stable summer conditions. Moreover, the magnitude of these changes 
can vary among specific phytoplankton species (Geider et al. 1993, Kulk et al. 2011). 
Therefore, contributions of phytoplankton composition and photoacclimation on chlorophyll 
a specific absorption cannot be fully separated. However, additional evidence for acclimation 
to lower irradiance and less vertical structure in photosynthetic parameters during spring 
was obtained from the recovery of the quantum yield of PSII after excess light exposure. 
The assumption of low light acclimated phytoplankton in spring caused on average a 26% 
lower productivity at oligotrophic stations compared with the assumed vertical structure in 
photosynthetic parameters in summer. This underlines the importance of photoacclimation 
on the model results. 

In the present study, several assumptions were made to model primary production from 
field measurements. Firstly, a linear temperature correction to total modeled productivity was 
applied. Typically, growth shows temperature dependence in specific oceanic phytoplankton 
species (Moore et al. 1995, Kulk et al. 2012). Eppley (1972) suggested that the temperature 
dependence of growth is exponential, with growth increasing with increasing temperature. 
However, compiled carbon fixation data and lab experiments suggested a linear response of 
productivity within the temperature range of 13-23 °C (Behrenfeld et al. 1997, Montagnes 
& Franklin 2001). Secondly, the model assumed that nutrient availability is reflected by 
differences in phytoplankton biomass and species composition. This is in line with the 
observation that nutrient availability does not influence chlorophyll a specific net primary 
production in Dunaliella tertiolecta (Halsey et al. 2011). Moreover, phytoplankton turnover 
rates in the open ocean are in the order of days, which would eliminate nutrient starved 
phytoplankton species from the community. Thirdly, the model assumes a sinusoidal 
irradiance distribution during the day and therefore does not include effects of cloud cover 
and/or vertical mixing. However, Kulk et al. (2011) showed that there were no significant 
effects of a dynamic irradiance regime on phytoplankton carbon fixation characteristics 
(under nutrient replete conditions). In addition, the productivity model does not account 
for spectral irradiance changes at depth. Finally, validation of the productivity calculations 
with field productivity estimates was not possible in the present study. Therefore, the current 
productivity estimates should be viewed as potential productivity estimates, rather than actual 
measurements. Overall, the model approach can expand the use of phytoplankton pigments 
and provide useful insight in group specific primary production.

Conclusions

The present study showed an inverse relationship between phytoplankton productivity and 
biomass with SST for the stratified North Atlantic Ocean with SST between 13 °C and 23 
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°C. Furthermore, increasing SST was associated with a change in phytoplankton species 
composition from haptophytes to cyanobacteria at low and mid-latitudes. Since increases in 
SST are expected in the North Atlantic Ocean for the coming decades, phytoplankton may 
respond accordingly. Responses to a future temperature rise are more likely to be observed 
in high latitude chlorophyll a and productivity due to the non-linear relationship with SST. 
Increasing SST has been suggested to mediate different effects on phytoplankton biomass in 
subtropical (less productivity) and subpolar regions (increased productivity due to a longer 
growing season) in the North Atlantic Ocean. However, the present study showed highest 
depth integrated chlorophyll a at high latitude, non-stratified stations in spring, suggesting 
that phytoplankton blooms can initiate under minimal stratification. This indicated that the 
possible earlier onset of stratification (and surface blooming) would not necessarily result 
in a longer and more productive season. In contrast, delayed stratification may prolong 
the growth season of diatoms, the most productive phytoplankton group that contributes 
significantly to carbon export into the deep ocean, whereas earlier stratification may expand 
the contribution of haptophytes at the expense of diatoms.
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Introduction
The open oceans play a key role in biogeochemical processes on Earth. By means of 
photosynthesis, phytoplankton communities in oligotrophic and mesotrophic oceanic regions 
are responsible for up to 40% of the total global net primary production (Field et al. 1998). 
This does not only provide the basis for the marine food web, but also has a strong impact 
on carbon sequestering in the ocean’s interior (Falkowski et al. 1998). The understanding of 
phytoplankton performance in open ocean ecosystems is often limited by the complexity of 
the changes in temperature, nutrient, and irradiance conditions throughout the water column. 
In addition, little information was available on the (photo)physiological response of specific 
oceanic phytoplankton species to these water column conditions. Large environmental 
studies have related water column conditions to the distribution of phytoplankton throughout 
the open oceans (Agawin et al. 2000, Li et al. 2002, Johnson et al. 2006). For example, the 
spatial and temporal patterns in the overall size structure of phytoplankton communities have 
been explained by variation in temperature, with picophytoplankton dominating in warm 
tropical waters (Agawin et al. 2000, Feng et al. 2009, Morán et al. 2010). Moreover, recent 
observations showed a shift in community structure over a variety of taxonomic levels. 
Prokaryotic picophytoplankton species dominate the phytoplankton community during strong 
thermal stratification and eukaryotic picophytoplankton dominate during increased mixing in 
the surface layers of the open oceans (Bouman et al. 2011). The present study showed the 
physiological basis for the differential distribution of prokaryotic and eukaryotic oceanic 
phytoplankton and their contribution to primary production in the open oceans (Chapter 2, 3, 
4, 5, 6). The following questions were addressed in this thesis:

1. What are the (interactive) effects of irradiance, temperature, and nutrient 
availability on the photophysiology of different oceanic phytoplankton 
species?

2. How does variation in photophysiology of different prokaryotic and 
eukaryotic oceanic phytoplankton species affect the sensitivity to 
excessive PAR and UVR? 

3. How does genotypic and phenotypic variation in photophysiology 
affect photosynthetic and growth rates in prokaryotic and eukaryotic 
oceanic phytoplankton species?
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Photophysiology of oceanic phytoplankton
In the present study, distinct differences in photophysiology between prokaryotic and 
eukaryotic oceanic phytoplankton species were observed (Chapter 2, 3, 4, 5). This was related 
to genotypic variation in light harvesting and photoprotective pigmentation, chlorophyll a 
specific absorption, and photoregulating mechanisms (Chapter 2, 3, 4, 5). For example, the 
initial response to varying irradiance conditions could be significantly faster in eukaryotic 
phytoplankton species compared with prokaryotic phytoplankton species due to the presence 
of a photoprotective (xanthophyll) pigment cycle (Chapter 2). The (phenotypic) variation in 
photophysiology of different prokaryotic and eukaryotic oceanic phytoplankton species was 
further studied under varying irradiance (Chapter 2), temperature (Chapter 3), and nutrient 
(Chapter 5) conditions.

Irradiance

The photophysiological response to varying irradiance conditions was different between 
prokaryotic and eukaryotic oceanic phytoplankton species (Chapter 2). In the prokaryotic 
phytoplankton species Prochlorococcus marinus (high light adapted ecotype) and 
Synechococcus sp. (low and high light adapted ecotypes), no changes in cellular chlorophyll 
a were observed during photoacclimation to varying irradiance conditions (10-125 µmol 
photons m-2 s-1), whereas photoprotective pigmentation increased during photoacclimation 
to higher irradiance intensities (Chapter 2). In P. marinus, changes in pigmentation also 
included a reduction in chlorophyll b/a at high irradiance intensities (Chapter 2), whereas in 
Synechococcus sp., changes in the main light harvesting pigments of the phycobilisome might 
have been involved (Kana & Glibert 1987, Palenik 2001). In addition, chlorophyll a specific 
absorption increased considerably in P. marinus during photoacclimation to high irradiance 
intensities (Chapter 2). Although P. marinus and Synechococcus sp. were able to alter their 
photophysiology in response to varying irradiance intensities, the photoacclimation potential 
was lower compared with eukaryotic phytoplankton species. This was especially evident 
from the reduced growth rates at high irradiance intensities (Chapter 2). In the eukaryotic 
phytoplankton species Ostreococcus sp., Emiliania huxleyi, and Thalassiosira oceanica, 
a relatively uniform response to irradiance was observed that was comparable to earlier 
observations in eukaryotic phytoplankton (Chapter 2, Falkowski & La Roche 1991, Johnsen 
& Sakshaug 1996, MacIntyre et al. 2000). Cellular chlorophyll a concentrations decreased 
during photoacclimation to high irradiance intensities, whereas chlorophyll a specific 
absorption remained unchanged. In addition, the relative amount of the xanthophyll cycle 
pigments increased at higher irradiance intensities. The high photoacclimation potential of 
the eukaryotic oceanic phytoplankton species resulted in enhanced production and growth 
rates at high irradiance intensities (Chapter 2). 
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Temperature

The photophysiology of oceanic picophytoplankton was further assessed by the response 
to varying temperature conditions (Chapter 3). Typically, phytoplankton acclimated to 
low temperatures show a photophysiology comparable to that of high light acclimated 
phytoplankton, with low levels of cellular chlorophyll a (Geider 1987, Maxwell et al. 
1994, Stramski et al. 2002). In the present study, this was also observed in the oceanic 
picophytoplankton species P. marinus, Prochlorococcus sp. (low light adapted ecotype), 
Ostreococcus sp., and Pelagomonas calceolata between 16 ºC and 24 ºC (Chapter 3). In 
response to elevated temperatures, these oceanic picophytoplankton species extended their 
light harvesting capacity by an increase in cellular chlorophyll a concentrations (Chapter 
3). In P. marinus, Prochlorococcus sp., and Ostreococcus sp., this was accompanied by 
a decrease in photoprotective pigmentation. Although the changes in the light harvesting 
complex are typically associated with a decrease in light absorption due to changes in pigment 
packaging (Geider 1987, Stramski et al. 2002, Hancke et al. 2008), this was not observed 
in P. marinus, Prochlorococcus sp., Ostreococcus sp., and P. calceolata. It is possible 
that the changes in light absorption are restricted by the relatively small effect of pigment 
packaging in picophytoplankton compared with larger phytoplankton species (Bricaud et al. 
1999). In addition to changes in the light harvesting complex, electron transport rates also 
increased during acclimation to elevated temperatures in P. marinus, Prochlorococcus sp., 
Ostreococcus sp., and P. calceolata. Further analysis of the electron transport characteristics 
showed enhanced photoacclimation to higher irradiance intensities at elevated temperatures 
for the oceanic picophytoplankton species. This was also evident from the increase in the 
maximum quantum yield of photosystem II (Fv/Fm). The enhanced photoacclimation was 
accompanied by reduced photoinhibition in P. marinus, Ostreococcus sp. and P. calceolata, 
suggesting that oceanic picophytoplankton are less susceptible to the negative effects of high 
irradiance intensities at higher temperatures. 

Nutrients

Finally, the photophysiological response to nutrient availability was assessed in oceanic 
phytoplankton (Chapter 5). Although species specific differences were observed in the 
photophysiological response to low nutrient availability, the response uniformly resulted in 
lower transfer efficiencies of light harvesting energy and reduced growth during N and P 
starvation in P. marinus, Ostreococcus sp., and T. oceanica. In the prokaryotic phytoplankton 
species P. marinus, the light harvesting capacity was increased at low nutrient availability. 
Cellular chlorophyll a concentrations did not vary during nutrient starvation, whereas 
chlorophyll a specific absorption increased considerably. However, the increase in light 
harvesting capacity at low nutrient availability was accompanied by decreased functioning 
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of photosystem II (PSII), thereby reducing the transfer of light energy (Chapter 5, Steglich 
et al. 2001, Lindell et al. 2002). In the eukaryotic phytoplankton species Ostreococcus sp., 
changes in cellular chlorophyll a coincided with those in chlorophyll a specific absorption, 
suggesting that the light harvesting capacity was not affected by nutrient availability (Chapter 
5). The eukaryotic phytoplankton species T. oceanica showed a similar response during P 
starvation. However, cellular chlorophyll a concentrations decreased during N starvation in 
T. oceanica, which was accompanied by alterations in pigment packaging and the consequent 
increase in chlorophyll a specific absorption. This response is comparable to that observed 
in other nanophytoplankton species at low nutrient availability (Geider et al. 1993, Berges & 
Falkowski 1998, Loebl et al. 2010). In both Ostreocococcus sp. and T. oceanica, changes in 
the light harvesting capacity included an increase in photoprotective pigments and enhanced 
thermal dissipation of excess energy by the xanthophyll pigment cycle (Chapter 5). This 
resulted in reduced transfer of light harvesting energy through PSII.

Excess irradiance sensitivity of oceanic phytoplankton
The present study showed that during short periods of high irradiance exposure (500 µmol 
photons m-2 s-1), both prokaryotic and eukaryotic oceanic phytoplankton were susceptible 
to photoinhibition (Chapter 4, 5). Moreover, prolonged periods of high irradiance exposure 
may lead to significant viability loss in oceanic phytoplankton (Chapter 5). The response 
to high irradiance was species specific and appeared to be related to the genetically defined 
light adaptation of the different species. This was not only evident from differences 
between ecotypes of Prochlorococcus spp., but also from differences between eukaryotic 
phytoplankton species. The low light adapted ecotype Prochlorococcus sp. and the eukaryotic 
species P. calceolata were highly sensitive to high photosynthetically active radiation (PAR, 
400-700 nm), whereas the high light adapted ecotype P. marinus and the eukaryotic species 
Ostreococcus sp. and T. oceanica showed lower sensitivity (Chapter 4, 5). Additional 
exposure to ultraviolet radiation (UVR, 280-400 nm) led to higher photoinhibition in oceanic 
phytoplankton, except in the eukaryotic phytoplankton species Ostreococcus sp. (Chapter 
4). Overall, the diatom species T. oceanica showed lowest photoinhibition and viability loss 
during high irradiance exposure (Chapter 5). 

Photoregulating mechanisms

The variation in high light sensitivity between specific phytoplankton species was related to 
the presence and efficiency of photoregulating mechanisms. In all phytoplankton species, 
photoregulation occurred by the dissipation of excess energy through non photochemical 
quenching. In P. marinus and Prochlorococcus sp., the underlying mechanisms of fast 
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relaxing non photochemical quenching remained unknown, but the present study showed 
that this process was influenced by temperature and UVR (Chapter 4). This suggests that 
fluidity and stability of the thylakoid membrane played an important role in the dissipation of 
excess energy in P. marinus and Prochlorococcus sp. (Chapter 4). In addition, the presence 
of the xanthophyll pigment zeaxanthin and the decoupling of light harvesting antennas 
from PSII may have offered photoprotection in P. marinus (Chapter 2, 5), but this was not 
related to non photochemical quenching (Chapter 4, 5). In the eukaryotic phytoplankton 
species Ostreococcus sp., P. calceolata, and T. oceanica, fast relaxing non photochemical 
quenching coincided with the de-epoxidation of the xanthophyll pigment cycle (Chapter 4, 
5). This offered substantial photoprotection in Ostreococcus sp. and T. oceanica, but to a 
lesser extend in P. calceaolata. In addition to the regulation of light harvesting energy by 
the xanthophyll pigment cycle, alternative electron transport mediated by a propyl gallate-
sensitive oxidase (PTOX) played an important role in Ostreococcus sp. (Chapter 5, Cardol 
et al. 2008). This process does not only offer photoprotection by deviating electrons away 
from the photosystems, but may also promote the de-epoxidation of the xanthophyll pigment 
cycle by an increase in the trans-membrane proton gradient (Chapter 4, 5, Cardol et al. 2008, 
Goss & Jakob 2010). Although PTOX mediated alternative electron transport supported 
survival during high irradiance exposure in T. oceanica, it is unclear whether this mechanism 
functions in a similar fashion as compared with Ostreococcus sp. (Chapter 5, Cardol et al. 
2008). In contrast to earlier suggestions (Mackey et al. 2009, Berg et al. 2011), evidence for 
photoregulation by PTOX mediated electron transport was not found in a high light adapted 
ecotype of Prochlorococcus spp. (eMED4) (Chapter 5).

Phenotypic variation in photoregulation

The high light sensitivity of specific phytoplankton species was further influenced by 
alterations in photophysiology induced by varying irradiance, temperature, and nutrient 
conditions. The present study showed that photoacclimation to high irradiance intensities 
decreased light harvesting pigmentation and increased photoprotective pigmentation in 
oceanic phytoplankton (Chapter 2). In addition, the de-epoxidation of the xanthophyll pigment 
cycle increased during high light acclimation in the eukaryotic species Ostreococcus sp., E. 
huxleyi, and T. oceanica (Chapter 2). Although the response to excess irradiance intensities 
after photoacclimation to varying irradiance conditions was not directly measured in the 
present study, earlier observations in other phytoplankton species suggest that the observed 
changes in pigmentation would reduce the sensitivity to excess irradiance intensities (Van de 
Poll et al. 2005, Van de Poll et al. 2006, Dimier et al. 2007b). This was partly confirmed by 
the reduced photoinhibition of carbon fixation after high light acclimation in the eukaryotic 
phytoplankton species Ostreococcus sp., E. huxleyi, and T. oceanica (Chapter 2).
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Temperature acclimation also influenced photoinhibition and related processes during 
high irradiance exposure in oceanic phytoplankton. Not only were species acclimated to higher 
irradiance intensities at elevated temperatures (Chapter 3), but temperature acclimation also 
influenced the response to high irradiance exposure by changes in the relative contribution of 
photoinhibition and photoprotective mechanisms to non photochemical quenching (Chapter 
4). In the prokaryotic species P. marinus and Prochlorococcus sp., improved fluidity of the 
thylakoid membrane and/or enzymatic reactions likely enhanced photoprotection at elevated 
temperatures (Chapter 4). In the eukaryotic phytoplankton species Ostreococcus sp., the de-
epoxidation of the xanthophyll pigment cycle and possibly alternative electron transport were 
enhanced at elevated temperatures, whereas in P. calceolata, photoinhibition was reduced 
(Chapter 4). In addition, elevated temperatures had a beneficial effect on the response to 
high irradiance intensities by partially counteracting the UVR-induced photoinhibition in P. 
marinus, Ostreococcus sp., and P. calceolata.

Nutrient availability may also have a positive feedback on the high irradiance response 
of oceanic phytoplankton. P. marinus, Ostreococcus sp., and T. oceanica showed reduced 
sensitivity to high irradiance exposure when nutrient availability was low, although species 
specific differences were observed (Chapter 5). In P. marinus, the lower sensitivity to high 
irradiance intensities at low nutrient availability was related to changes in a photoregulating 
process prior to electron transport that did not involve changes in pigmentation, possibly the 
decoupling of antenna complexes from PSII. In Ostreococcus sp., the reduced high irradiance 
sensitivity was related to enhanced photoprotection by the xanthophyll pigment cycle or 
alternative electron transport, depending on the limiting nutrient. In T. oceanica, enhanced 
photoprotection by the xanthophyll pigment cycle ensured lower sensitivity to high irradiance 
exposure when nutrient availability was low. 

Photosynthetic and growth rates of oceanic phytoplankton
The variation in photophysiology and photoregulation may lead to considerable differences 
in photosynthetic and growth rates in oceanic phytoplankton species. Although phenotypic 
variation in growth rates of specific phytoplankton species were observed under different 
irradiance and temperature conditions, eukaryotic oceanic phytoplankton showed higher 
growth rates (0.28-1.40 d-1) compared with prokaryotic oceanic phytoplankton (0.15-0.63 
d-1) (Chapter 2, 3, 5). A similar difference between prokaryotic and eukaryotic oceanic 
phytoplankton was observed in the maximum photosynthetic rate (1.79-8.71 versus 5.88-
30.7 µg C µg Chl-a-1 h-1) (Chapter 2). The ability to effectively regulate and acclimate to 
varying irradiance conditions resulted in optimal carbon fixation and growth rates at higher 
irradiance intensities in the eukaryotic phytoplankton species Ostreococcus sp., E. huxleyi, 
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and T. oceanica compared with the prokaryotic phytoplankton species Prochlorococcus spp. 
and Synechococcus spp. (Chapter 2, 4, 5). Moreover, when Ostreococcus sp., E. huxleyi, 
and T. oceanica were acclimated to higher irradiance intensities (125 µmol photons m-2 
s-1), growth was higher during dynamic irradiance conditions, suggesting that eukaryotic 
phytoplankton species benefit from occasional high irradiance intensities (Chapter 2, 6). 

 In addition to irradiance induced variation in photosynthetic and growth rates, 
temperature-dependent differences in the maximal electron transport and growth rates were 
observed among prokaryotic and eukaryotic oceanic picophytoplankton (Chapter 3). The 
growth rate of oceanic picophytoplankton species increased at elevated temperatures, but 
different optimal temperatures for growth were observed between specific phytoplankton 
strains. Low and high light adapted ecotypes of Prochlorococcus spp. and the eukaryotic 
picophytoplankton species P. calceolata showed highest growth rates at 24 °C, whereas the 
eukaryotic picophytoplankton species Ostreococcus sp. showed highest growth rates between 
20 and 24 °C (Chapter 3). The overall photophysiology of the two ecotypes of Prochlorococcus 
spp. and the eukaryotic picophytoplankton species moved towards the use of higher 
irradiance intensities to support the enhanced growth rates at elevated temperatures. This 
was evident from enhanced light harvesting capacity and electron transport rates and reduced 
photoinhibition at higher temperatures (Chapter 3, 4). These changes in photophysiology 
illustrate the interactive effects of temperature and irradiance on photosynthetic and growth 
rates in oceanic phytoplankton (Chapter 2, 3). An increase in temperature may therefore 
lead to a broader depth distribution of specific phytoplankton species, but photophysiology 
and consequent photosynthetic and growth rates remain highly influenced by the specific 
photoadaptation of different phytoplankton ecotypes and/or species. 

Ecological consequences of stratification and vertical mixing
In (permanently) stratified regions of the open oceans, sea surface temperatures are relatively 
high and thermal stratification strongly reduces the nutrient availability in the euphotic zone. 
Simultaneously, phytoplankton may experience high (dynamic) irradiance conditions in the 
upper mixed layer or more stable, low irradiance conditions in the deep chlorophyll maximum. 
The phytoplankton community of such regions is typically dominated by the prokaryotic 
phytoplankton genera Prochlorococcus spp. and Synechococcus spp. and eukaryotic pico- 
and nanophytoplankton species (Chapter 6, Olson et al. 1990, Li 1994, Durand et al. 2001). 
The present study showed that prokaryotic phytoplankton species, such as Prochlorococcus 
spp., may benefit from high temperatures, because these phytoplankton species have a 
relatively high optimal growth temperature (Chapter 3, 4, 6). Moreover, Prochlorococcus 
spp. and Synechococcus spp. may have a competitive advantage over larger (eukaryotic) 
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phytoplankton species in oligotrophic regions, because their extremely small cell size and 
consequent large surface area to volume ratio leads to a relative high nutrient affinity and 
low nutrient demand (Raven 1986, Chisholm 1992, Bertilsson et al. 2003, also see elemental 
composition in Chapter 2, 6). However, the high (dynamic) irradiance conditions in the 
upper mixed layer may strongly reduce growth in prokaryotic phytoplankton species during 
stratification (Chapter 2, 4, 5). In contrast, the ability to photoacclimate to a wide variety of both 
stable and dynamic irradiance conditions may offer eukaryotic pico- and nanophytoplankton 
species a competitive advantage during stratification and (deep) vertical mixing (Chapter 
2). Moreover, the efficient photoregulating mechanisms of eukaryotic phytoplankton leads 
to a relative lower photoinhibition and viability loss in PAR and UVR rich waters near the 
surface of open oceans (Chapter 4, 5). These species specific differences in the response to 
varying irradiance conditions remained evident when the interactive effects of temperature, 
nutrient availability, and irradiance conditions were considered (Chapter 4, 5). It therefore 
seems that nutrient availability controls the contribution of eukaryotic phytoplankton to the 
phytoplankton community during stratification, whereas the contribution of prokaryotic 
phytoplankton species may be limited by the negative effects of high (dynamic) irradiance 
conditions near the surface of open oceans.

The distribution of specific phytoplankton species and the consequent community 
structure may have considerable consequences for primary production and the export of 
carbon to the ocean’s interior. The present study showed that prokaryotic species, such 
as Prochlorococcus spp. and Synechococcus spp., show lower photosynthetic and growth 
rates compared with other oceanic phytoplankton species at comparable environmental 
conditions (Chapter 2, 3, 5). The dominance of these prokaryotic phytoplankton species in 
open oceans may therefore directly lead to lower primary production of the phytoplankton 
community, regardless of nutrient or light limitation (Chapter 6). The primary production of 
Prochlorococcus spp. near the surface may be further reduced by high levels of photoinhibition 
and significant viability loss during high light exposure (Chapter 4, 5). Moreover, the 
export of carbon may be relatively low in phytoplankton communities dominated by 
prokaryotic picophytoplankton, because carbon and nutrients are efficiently remineralized 
by the microbial loop (Azam et al. 1983, Ducklow 1999, Finkel et al. 2010). In contrast, 
the presence of larger nano- and microphytoplankton species can potentially lead to high 
primary production (Chapter 2, 3, 5) and increased export of carbon by rapid sedimentation 
of particulate matter (Azam et al. 1983, Ducklow 1999, Finkel et al. 2010). However, the 
primary production of eukaryotic phytoplankton may be limited by low nutrient availability 
in large areas of the open oceans (Chapter 6, Graziano et al. 1996, Cavender-Bares et al. 
2001, Moore et al. 2008).
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Consequences of global climate change
It is expected that climate change will mediate a rise in seawater temperature by 1.5-
4.5 °C over the next century (Houghton et al. 1995). The present study showed that this 
rise in seawater temperature may lead to an increase in photosynthetic and growth rates 
in oceanic picophytoplankton species (Chapter 3, 4). However, the genetically defined 
temperature tolerance as well as the optimal temperature for growth determines the actual 
success of specific phytoplankton species in response to elevated temperatures (Johnson 
et al. 2006, Thomas et al. 2012). Specific phytoplankton species, such as the eukaryotic 
species Ostreococcus sp., may not be able to acclimate to elevated temperatures associated 
with climate change, because their optimal temperature for growth is close to current sea 
surface temperatures (Chapter 3). This seems to be a general trend in oceanic phytoplankton 
species from subtropical and tropical regions (Thomas et al. 2012). Because growth 
decreases abruptly above the optimal growth temperature, these phytoplankton species are 
especially sensitive to an increase in temperature associated with climate change (Chapter 3, 
Eppley 1972, Thomas et al. 2012). However, other oceanic phytoplankton species, such as 
Prochlorococcus spp. and Pelagomonas calceolata, showed higher temperature tolerances 
and may be expected to show increased growth under future temperature conditions (Chapter 
3, Johnson et al. 2006, Zinser et al. 2007). Thus, a rise in sea surface temperature associated 
with global climate change may directly lead to changes in the species composition of the 
phytoplankton community in open oceans (also see Beardall & Raven 2004, Finkel et al. 
2010).

Indirectly, the rise in sea surface temperature may also lead to changes in the structure 
of phytoplankton communities. The increased thermal stratification associated with climate 
change will alter nutrient availability and the intensity, spectral composition, and dynamics 
of phytoplankton irradiance exposure in the surface layers of the open oceans (Boyd & 
Doney 2002, Behrenfeld et al. 2006, Polovina et al. 2008). It is expected that the reduced 
nutrient availability in the surface layers of the open oceans will increase the proportion 
of picophytoplankton species in the phytoplankton community (Chapter 6, Agawin et al. 
2000, Morán et al. 2010). Prokaryotic picophytoplankton, such as Prochlorococcus spp., 
would especially benefit from this low nutrient availability, because these species have a 
higher nutrient affinity and lower nutrient demand compared with eukaryotic phytoplankton 
species (Chisholm 1992, Van Mooy et al. 2009, Finkel et al. 2010). In contrast, the increased 
irradiance intensities associated with the shallowing of the upper mixed layer are likely to lead 
to a competitive advantage of eukaryotic phytoplankton species, such as Ostreococcus sp., E. 
huxleyi, and T. oceanica, which are less susceptible to high (dynamic) irradiance intensities 
(Chapter 2, 4, 5). More sensitive species, such as the prokaryotic species Prochlorococcus 
spp., are likely to experience higher photoinhibition and viability loss during these increased 



149Summary

PAR and UVR conditions (Chapter 2, 4, 5). The consequences of climate change on the 
composition of the phytoplankton community in open oceans are further influenced by 
the interactive effects of varying temperature, nutrient, and irradiance conditions on 
phytoplankton performance. For example, the negative effects of high irradiance exposure 
may be reduced at elevated temperatures and/or low nutrient availability (Chapter 4, 5).

Climate change induced variations in the phytoplankton community may have 
considerable consequences for the marine food web and the transport of carbon to the ocean’s 
interior. In the North Atlantic Ocean, it was observed that a shift in phytoplankton community 
composition may lead to variation in phytoplankton biomass and primary production in 
the surface layers of the stratified oceans (Chapter 6, Gregg et al. 2003). This may lead to 
25% lower phytoplankton biomass and 22% lower primary production when sea surface 
temperatures rise by 1 °C (within the temperature range of 12-23 °C, Chapter 6, Gregg et al. 
2003). Although primary production may also increase as a consequence of climate change 
on regional scales, overall primary production is expected to decrease in large areas of the 
open oceans (Bopp et al. 2001, Gregg et al. 2003, Behrenfeld et al. 2006, Lozier et al. 2011).  
Moreover, the shift to smaller phytoplankton species associated with enhanced stratification 
is likely to increase carbon cycling by the microbial loop (Azam et al. 1983, Laws et al. 2000, 
Finkel et al. 2010). Carbon sequestering will therefore not only be reduced by lower primary 
production in the open oligotrophic oceans, but the transport of carbon to the ocean’s interior 
by processes such as sedimentation is also likely to decrease during climate change.
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Inleiding
De afgelopen jaren zijn fytoplankton (of algen) steeds bekender geworden. Zo blijken 
fytoplankton al in menig beautyproduct verwerkt te worden en is er ook interesse vanuit de 
voedsel en energie industrie. Daarnaast zijn er ook zorgen rond de afname van fytoplankton 
in de oceanen door klimaatverandering. Eigenlijk hebben de meeste fytoplankton soorten 
continue te maken met veranderingen in hun ‘klimaat’. De omgeving waarin fytoplankton 
zich bevinden kan in zeer korte tijd drastisch veranderen door lokale en grootschalige 
fysische processen. Het onderzoek in dit proefschrift kijkt hoe fytoplankton omgaan met 
deze veranderingen. 

Fytoplankton in de open oceanen
Fytoplankton zijn micro-organismen die fotosynthetiseren, dat wil zeggen dat ze lichtenergie 
gebruiken om CO2 om te zetten in koolstof. Het resultaat van dit proces wordt ook wel 
primaire productie genoemd. Ondanks hun kleine formaat (<1 mm), zijn fytoplankton 
verantwoordelijk voor ongeveer de helft van de totale primaire productie op aarde. Hiermee 
vormen fytoplankton niet alleen de basis voor het mariene ecosysteem, maar hebben ze ook 
een sterke invloed op de opslag van koolstof in de diepe oceaan. Grote, open gebieden in de 
Atlantische, Stille en Indische Oceaan zijn vooral belangrijk, omdat hier in totaal 80% van 
de primaire productie van de oceanen plaatsvindt. Daarbij is de soortensamenstelling van de 
fytoplankton gemeenschap zeer belangrijk. In de fytoplankton gemeenschappen in de open 
oceanen komen de prokaryote fytoplankton soorten Prochlorococcus spp. en Synechococcus 
spp. (cel grootte <1 µm) in aantal het meest voor. Een andere belangrijke fytoplankton groep 
zijn de eukaryote pico- en nanofytoplankton (celgrootte <2 µm en <10 µm, respectievelijk). 
Het succes van deze fytoplankton soorten is afhankelijk van hun reactie op hun omgeving. 

De omgeving van fytoplankton
De omgeving, oftewel de licht-, temperatuur en nutriënten condities, die fytoplankton 
ervaren in de waterkolom worden sterk beïnvloedt door stratificatie (Figuur 1). Tijdens 
stratificatie is de waterkolom opgedeeld in verschillende waterlagen. De bovenste gemengde 
waterlaag ligt meestal binnen de eufotische zone, de diepte waarboven 0.1% van het licht 
doordringt. Hierdoor is er voldoende licht beschikbaar voor fytoplankton om te groeien (het 
licht dat fytoplankton gebruiken voor fotosynthese wordt ook wel PAR genoemd). Maar in 
de bovenste gemengde waterlaag zijn er vaak weinig nutriënten beschikbaar, waardoor de 
groei van fytoplankton juist geremd wordt. Daarnaast kan de omgeving van fytoplankton in 
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de bovenste gemengde waterlaag snel veranderen. Fytoplankton worden door de bovenste 
waterlaag gemengd door wind en andere processen. Dit betekent bijvoorbeeld dat een 
fytoplankton cel binnen enkele minuten ineens in een omgeving met heel hoog licht of juist 
laag licht terecht kan komen. In de dieper gelegen, onderste waterlaag zijn de condities veel 
stabieler, omdat deze waterlaag minder onder invloed staat van de wind. In de onderste 
waterlaag is het licht vaak erg laag en wordt de groei van fytoplankton daardoor geremd. 
Daarentegen zijn er meer nutriënten beschikbaar vergeleken met de bovenste gemengde 
waterlaag. De groei van fytoplankton is tijdens stratificatie het hoogst op de diepe waar zowel 
de licht- als de nutriënt condities gunstig zijn, deze diepte wordt ook wel het (diepe) chlorofyl 
maximum genoemd. In tropische en subtropische gebieden is er permanente stratificatie, 
maar in meer gematigde gebieden is stratificatie seizoensgebonden. In deze laatste gebieden 
wordt in de koudere seizoenen de waterkolom diep gemengd. Hierdoor zijn er door de gehele 
waterkolom veel nutriënten beschikbaar, maar kunnen fytoplankton ook perioden zonder 
licht ervaren wanneer ze onder de eufotische zone terecht komen. 

Figuur 1 De temperatuur, nutriënten concentratie en fytoplankton biomassa tijdens stratificatie. (a) 
Stratificatie wordt veroorzaakt door verschillen in temperatuur tussen de bovenste gemengde waterlaag en de 
onderste, dieper gelegen waterlaag. De overgang tussen beide waterlagen wordt ook wel de thermocline genoemd. 
(b) Stratificatie verhindert de inbreng van nutriënten uit de onderste waterlaag naar de bovenste gemengde waterlaag. 
Daardoor zijn er weinig nutriënten beschikbaar in de bovenste gemengde waterlaag en de eufotische zone. (c) Op 
een diepte waar zowel de licht- en nutriëntencondities voldoende zijn voor de groei van fytoplankton vormt zich een 
(diepe) chlorofyl maximum. 
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Het wordt verwacht dat klimaatverandering de directe omgeving van fytoplankton 
in de open oceanen zal veranderen. De komende eeuw zal de temperatuur van het zeewater 
stijgen met ongeveer 1.5-4.5 °C. Deze stijging en de veranderingen in windvelden hebben 
gevolgen voor de stratificatie. Daarbij zullen permanent gestratificeerde gebieden uitbreiden 
en zal ook de bovenste gemengde waterlaag ondieper worden. Hierdoor zullen in grote delen 
van de open oceanen de lichtcondities gemiddeld hoger worden en zal de beschikbaarheid 
van nutriënten afnemen. Deze veranderingen kunnen ook een effect hebben op de primaire 
productie van fytoplankton. Hierbij speelt de fysiologie en de soortensamenstelling van de 
fytoplankton gemeenschap een belangrijke rol. 

Fotofysiologie van fytoplankton
Om efficiënt te kunnen groeien, moeten fytoplankton de licht en donker reacties van 
fotosynthese op elkaar afstemmen. Deze balans kunnen fytoplankton bereiken door zich 
aan te passen aan hun omgeving, i.e. door hun (foto)fysiologie te veranderen. Dit is vooral 
belangrijk wanneer fytoplankton worden blootgesteld aan te hoog of overmatig licht, 
bijvoorbeeld in de buurt van het wateroppervlak. Zulk hoog licht kan namelijk schade aan 
fotosysteem II veroorzaken (ook wel fotoinhibitie genoemd), waardoor fotosynthese geremd 
wordt. Langdurige blootstelling aan overmatig licht kan zelfs leiden tot celdood. Maar ook 
bij lagere lichtcondities zijn aanpassingen in de fotofysiologie belangrijk om de fotosynthese 
op peil te houden.

De aanpassingen in de fotofysiologie kunnen op verschillende tijdsschalen 
plaatsvinden. Op korte termijn (seconden tot minuten) kunnen fytoplankton lichtenergie 
reguleren met zogenaamde niet-fotochemische processen. Hierbij wordt de opgenomen 
energie niet gebruikt voor fotosynthese, maar bijvoorbeeld afgegeven als warmte. Zo 
beschermen fytoplankton zichzelf tegen de schadelijke effecten van hoog licht. Tegelijkertijd 
zijn fytoplankton in staat om de effecten van fotoinhibitie na blootstelling aan overmatig 
licht tegen te gaan door de reparatie van beschadigde fotosystemen. Ook op de midden-lange 
termijn (uren tot dagen) kunnen fytoplankton zich aanpassen aan de lichtcondities in hun 
omgeving. De fotofysiologische veranderingen die hiermee gepaard gaan zijn fenotypisch 
en worden ook wel fotoacclimatie genoemd. Als fytoplankton bijvoorbeeld voor langere 
tijd van laag naar hoog licht worden verplaatst, zal de opname van lichtenergie afnemen en 
fotobescherming toenemen door veranderingen in de pigmentcomplexen van de fotosystemen. 
Op deze manier zijn fytoplankton beter in staat om de hoeveelheid licht die binnenkomt af te 
stemmen met de energie die nodig is voor de productie van koolstof.

 Uit het voorgaande blijkt dat de fotofysiologie van fytoplankton zeer flexibel kan 
zijn en afhankelijk is van de lichtcondities in de directe omgeving. Maar ook temperatuur 
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en nutriënten condities kunnen een rol spelen bij veranderingen in de fotofysiologie. Er zijn 
daarnaast genetische beperkingen aan de veranderingen in fotofysiologie. Eén van de meest 
opvallende, genetisch bepaalde verschillen in de fotofysiologie is de samenstelling van de 
pigmentcomplexen van fotosysteem II. Verschillende fytoplankton soorten hebben specifieke 
pigmenten, waardoor er verschillen in de absorptie van licht ontstaan. Daarnaast kan de 
hoeveelheid pigmenten ook verschillend zijn tussen soorten en zelfs tussen ecotypes binnen 
één soort. Dit is bijvoorbeeld goed zichtbaar in Prochlorococcus spp., waar verschillen in de 
concentratie van lichtopnemende en fotobeschermende pigmenten leidt tot laag en hoog licht 
geadapteerde ecotypes met een daarbij behorende, specifieke fotofysiologie.

Dit proefschrift
Aan het begin van het onderzoek voor dit proefschrift was er relatief weinig bekend over de 
fotofysiologie van specifieke fytoplankton soorten die in de open oceanen voorkomen. Er 
was vooral weinig informatie beschikbaar over eukaryote (pico)fytoplankton soorten en een 
gebrek aan directe vergelijkingen tussen prokaryote en eukaryote fytoplankton soorten. De 
complexiteit van de veranderingen in licht-, temperatuur en nutriënten condities maakt het 
daarbij lastig om een volledig beeld te kunnen schetsen van de gevolgen van stratificatie op 
het mariene ecosysteem. Het onderzoek in dit proefschrift laat daarom de fysiologische basis 
voor de verschillen in de verspreiding van prokaryote en eukaryote fytoplankton soorten en 
de bijdrage van deze fytoplankton soorten aan de primaire productie zien. Dit leidt niet alleen 
tot een betere inschatting van de effecten van stratificatie, maar zal ook bijdragen aan het 
voorspellen van de gevolgen van klimaatverandering. De volgende vragen zijn beantwoord 
in dit proefschrift: 

1. Wat zijn de (interactieve) effecten van licht, temperatuur en nutriënten 
op de fotofysiologie van verschillende fytoplankton soorten uit de open 
oceanen?

2. Hoe beïnvloedt de variatie in fotofysiologie van verschillende 
prokaryote en eukaryote fytoplankton soorten de gevoeligheid voor 
overmatig PAR en UV licht?

3. Hoe beïnvloedt genotypische en fenotypische verschillen in 
fotofysiologie de fotosynthese en groei van prokaryote en eukaryote 
fytoplankton soorten uit de open oceanen?
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Om deze vragen te kunnen beantwoorden zijn vier laboratorium experimenten uitgevoerd 
onder verschillende licht-, temperatuur en nutriënten condities. In deze experimenten 
is telkens een directe vergelijking tussen relevante prokaryote en eukaryote fytoplankton 
soorten gemaakt. Daarnaast is er een veldstudie uitgevoerd in de Noord Atlantische Oceaan 
om ter plekke de veranderingen in de fytoplankton gemeenschap te kunnen bestuderen. 

De resultaten van dit proefschrift
Dit proefschrift heeft laten zien dat de fotofysiologie van fytoplankton uit de open oceanen 
wordt beïnvloedt door zowel licht, temperatuur als nutriënten (fenotypische verschillen in 
fotofysiologie). Daarnaast zijn er sterke verschillen in de fotofysiologie tussen specifieke 
soorten (genotypische verschillen in fotofysiologie). De verschillen in fotofysiologie 
resulteren niet alleen in verschillen in de reactie op hoog of overmatig licht, maar ook in 
duidelijke verschillen in primaire productie en groei van prokaryote en eukaryote fytoplankton 
soorten.

Fotofysiologie van fytoplankton uit de open oceanen

Net als in andere fytoplankton soorten, worden in de fytoplankton soorten uit de open oceanen 
veranderingen waargenomen in de fotofysiologie wanneer deze soorten zich acclimatiseren 
aan licht. Zo houden de prokaryote soorten Prochlorococcus spp. en Synechococcus spp. een 
constante concentratie van het belangrijkste lichtopnemende pigment chlorofyl a aan, maar 
wordt de concentratie van fotobeschermende pigmenten verhoogd bij hoge lichtcondities. De 
eukaryote soorten Ostreococcus sp., Emiliania huxleyi en Thalassiosira oceanica verlagen 
juist de concentratie chlorofyl a en verhogen tegelijkertijd de concentratie fotobeschermende 
pigmenten. Zowel de veranderingen in de pigmenten als in de absorptie leiden tot de conclusie 
dat de eukaryote fytoplankton soorten beter in staat zijn om te fotoacclimatiseren aan vooral 
hogere lichtcondities (hoofdstuk 2). Uit vergelijkingen met de literatuur kan daarnaast 
geconcludeerd worden dat deze veranderingen in fotofysiologie waarschijnlijk voordelig zijn 
bij de reactie op overmatig licht.

Ook temperatuur blijkt van invloed te zijn op de fotofysiologie van fytoplankton. 
Na de acclimatie aan hogere temperaturen, passen de fytoplankton soorten Prochlorococcus 
spp. (twee ecotypes), Ostreococcus sp. en Pelagomonas calceolata hun pigmentcomplexen 
dusdanig aan dat de opname van energie toeneemt, terwijl de fotobescherming juist afneemt 
(behalve in Pelagomonas calceolata). Dit wordt verder bevestigd door de metingen van 
het elektronen transport (hoofdstuk 3). De veranderingen in fotofysiologie tijdens de 
aanpassing aan verschillende temperaturen leiden ook tot veranderingen in fotoregulatie. In 
Prochlorococcus spp. (twee ecotypes), Ostreococcus sp. en Pelagomonas calceolata gaat 
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dit gepaard met veranderingen in verschillende processen, maar resulteren de veranderingen 
allemaal in een lagere gevoeligheid voor hoog of overmatig licht bij hogere temperaturen 
(hoofdstuk 3, 4).

Naast licht en temperatuur, speelt ook de beschikbaarheid van nutriënten een rol in de 
fotofysiologie van fytoplankton in de open oceanen. De veranderingen in de fotofysiologie van 
Prochlorococcus marinus (hoog licht ecotype), Ostreococcus sp. en Thalassiosira oceanica bij 
een lage beschikbaarheid van nutriënten zijn specifiek per soort. Zo wordt bijvoorbeeld in de 
prokaryote soort Prochlorococcus marinus geen veranderingen in pigmenten waargenomen, 
terwijl dit bij de eukaryote soorten Ostreococcus sp. en Thalassiosira oceanica wel het geval 
is. Het resultaat van de veranderingen in fotofysiologie is echter in alle soorten hetzelfde, er 
wordt namelijk minder lichtenergie opgenomen en/of gebruikt voor fotosynthese. Daardoor 
zijn deze soorten minder gevoelig voor de negatieve effecten van overmatig licht en leidt dit 
tot lagere fotoinhibitie en celdood als er weinig nutriënten beschikbaar zijn.

De effecten van overmatig licht

Ondanks de veranderingen in fotofysiologie, blijken zowel prokaryote als eukaryote 
fytoplankton soorten gevoelig te zijn voor de negatieve effecten van hoog licht. Overmatig 
licht kan leiden tot fotoinhibitie en celdood, maar de mate waarin dit gebeurd is afhankelijk van 
de specifieke fytoplankton soort. Het laag licht geadapteerde ecotype van Prochlorococcus 
spp. en de eukaryote fytoplankton soort Pelagomonas calceolata tonen bijvoorbeeld de 
hoogste gevoeligheid voor overmatig licht, terwijl het hoog licht geadapteerde ecotype 
van Prochlorococcus spp. en de eukaryote fytoplankton soorten Ostreococcus sp. en 
Thalassiosira oceanica veel minder gevoelig zijn. Blootstelling aan ultraviolet (UV) licht 
verergert de fotoinhibitie in alle fytoplankton soorten, behalve in Ostreococcus sp. De 
diatomee Thalassiosira oceanica is het minst gevoelig voor fotoinhibitie en celdood tijdens 
de blootstelling aan overmatig licht. De verschillen in de gevoeligheid van hoog licht 
tussen de verschillende fytoplanktonsoorten zijn gerelateerd aan fenotypische verschillen in 
fotofysiologie, zoals hierboven beschreven. Ook genotypische verschillen in de fotofysiologie, 
dat wil zeggen de aanwezigheid en efficiëntie van fotoregulerende mechanismen, spelen een 
belangrijke rol in de reactie op hoog of overmatig licht. Hierbij lijkt de aanwezigheid van de 
fotobeschermende xanthofyl pigmenten cyclus één van de belangrijkste verschillen tussen 
prokaryote en eukaryote fytoplankton soorten (hoofdstuk 2, 4, 5).

Primaire productie en groei

Uit het bovenstaande blijkt dat de fotofysiologie van prokaryote en eukaryote fytoplankton 
soorten zeer verschillend is. Dit leidt niet alleen tot verschillen in de reactie op (hoog) licht, 
maar ook tot verschillen in de snelheid van fotosynthese en groei. Over het algemeen groeien 
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de eukaryote fytoplankton soorten sneller dan de prokaryote fytoplankton soorten (hoofdstuk 
2, 3, 5). De effectiviteit van fotoregulatie evenals de mogelijkheid om zich aan te passen aan 
verschillende lichtcondities leidt er toe dat de eukaryote fytoplankton soorten Ostreococcus 
sp., Emiliania huxleyi en Thalassiosira oceanica sneller koolstof kunnen produceren en 
kunnen groeien dan de prokaryote soorten Prochlorococcus spp. en Synechococcus spp. 
(hoofdstuk 2). De groeisnelheid van picofytoplankton is daarnaast ook sterk afhankelijk van 
de temperatuur. De hoog en laag licht geadapteerde ecotypes van Prochlorococcus spp. en 
de eukaryote fytoplankton soort Pelagomonas calceolata groeien het snelst bij een relatief 
hoge temperatuur van 24 °C, terwijl de optimale temperatuur voor groei van de eukaryote 
fytoplankton soort Ostreococcus sp. lager ligt, tussen de 20 °C en 24 °C (hoofdstuk 3). 

Tabel 1 De invloed van licht, temperatuur en nutriënten op prokaryote en eukaryote fytoplankton 
soorten tijdens stratificatie. In gebieden met stratificatie zijn de lichtcondities relatief hoog (vooral in de 
bovenste gemengde laag), is de temperatuur relatief hoog en zijn er relatief weinig nutriënten beschikbaar. 
Deze verschillende condities kunnen een positief (+) of negatief (–) gevolg hebben op basis van de 
fotofysiologie van specifieke fytoplankton soorten uit de open oceanen.

Prokaryote soorten Eukaryote soorten

Hoge lichtcondities

 Primaire productie en groei – +

 Fotoacclimatie – +

 Hoog licht gevoeligheid – +

Hoge temperaturen

 Optimale groei temperatuur + –

Lage beschikbaarheid van nutriënten

 Affiniteit voor nutriënten + –

Ecologische gevolgen van stratificatie

Het onderzoek van dit proefschrift heeft laten zien dat stratificatie verschillende ecologische 
gevolgen kan hebben (Tabel 1). Daarbij spelen de verschillen tussen specifieke fytoplankton 
soorten een belangrijke rol. Prokaryote soorten, zoals Prochlorococcus spp., kunnen 
profiteren van hoge temperaturen (hoofdstuk 3, 4) en zijn in het voordeel ten opzichte van 
grotere (eukaryote) fytoplankton soorten als er weinig nutriënten beschikbaar zijn. Eukaryote 
fytoplankton soorten hebben juist een voordeel bij hogere lichtcondities (hoofdstuk 2, 4, 5), 
vooral dicht bij het wateroppervlak. Met andere woorden, de bijdrage van prokaryote soorten 
aan de fytoplankton gemeenschap wordt verminderd door de negatieve effecten van hoog 
licht, terwijl de bijdrage van eukaryote soorten wordt geremd door de beschikbaarheid van 
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nutriënten. Dit leidt er toe dat tijdens stratificatie, wanneer er weinig nutriënten beschikbaar 
zijn, kleine (prokaryote) soorten de overhand krijgen. Hierdoor neemt de biomassa en de 
primaire productie van de fytoplankton gemeenschap af (hoofdstuk 6). Daarnaast wordt er in 
dit soort gemeenschappen ook relatief weinig koolstof naar de diepe oceaan getransporteerd. 
Klimaatverandering kan vergelijkbare gevolgen hebben als de stratificatie toeneemt. Daarbij 
zullen specifieke soorten profiteren van de veranderingen in de licht-, temperatuur en 
nutriënten condities. Net als tijdens stratificatie, wordt er bij klimaatverandering verwacht 
dat er een verschuiving naar kleinere (prokaryote) fytoplankton soorten zal plaatsvinden. 
Daardoor kan de primaire productie in grote delen van de open oceanen afnemen en kan 
tegelijkertijd ook de opslag van koolstof in de diepe oceaan verminderen. 
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