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Abstract 
 

Laboratory experiments on the physiological response of members of the 

nanophytoplankton to temperature and light limitation and nutrient saturation 

were conducted in order to investigate if nanophytoplankton conforms to 

Plankton Functional Types (PFTs) for modelling purposes. This thesis 

concluded that nanophytoplankton does not follow all of the assumed 

physiological traits.  

The Q10 estimates for members of the nanophytoplankton are considerably 

lower than Eppley, and since nanophytoplankton does not follow the Eppley 

curve at warmer temperatures, the results suggest that the Eppley assumptions 

cannot be used to describe nanophytoplankton. µmax0 is used as a temperature 

physiological modelling parameter (as well as Q10) which are components of 

the exponential and linear fits. However, nanophytoplankton best fits to an 

optimum function which uses µopt, Topt and dT as model parameters. These 

results are in contrast to the Eppley assumptions.  

Using a dynamic photosynthesis model five phytophysiological parameters 

were derived including the maximum photosynthesis rate (𝑃𝑚
𝐶 ,), respiration rate 

(resp), the initial slope of the line (achl), light inhibition ( 𝛽𝑐ℎ𝑙 ) and the 

maximum chlorophyll to carbon ratio (θmax). These parameters were estimated 

using an acclimated model which used the instantaneous rates of 

photosynthesis to estimate the other parameters. The acclimated model gave 

the best fit (AIC = -3.75 vs. = -0.95). These results are in contrast to those used 

for PFT modelling purposes. Parameters are comparable for 𝑃𝑚
𝐶 , resp and θmax 

but showed significant differences for 𝛼𝑐ℎ𝑙  and 𝛽𝑐ℎ𝑙  the latter of which was 

underrepresented in the dynamic model, and the former of which is used as a 

model parameter for PFT parameterization. Chlorophytes had stronger light 

inhibition (mean 𝛽𝑐ℎ𝑙= 0.72 g C m2 (mol photons g Chl a)-1) than haptophytes 

(mean 𝛽𝑐ℎ𝑙= 0.34 g C m2 (mol photons g Chl a)-1). 𝛽𝑐ℎ𝑙 is significantly lower 

for haptophytes (P = 0.002). Members of the nanophytoplankton showed 

relatively high μmax (0.81 d-1 from the acclimated model fit) and mean 
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photosynthesis rates 1.8 𝑃𝑚
𝐶  (d-1) mean cell volume 37 μm3). Maximum growth 

rates increased with increasing cell volume for all of the species.  

Members of the nanophytoplankton alter their elemental stoichiometry and 

assimilated nutrients in excess of their requirements but as a PFT, there were 

no statistically significant deviations from Redfield. Under nutrient replete 

conditions Chl a:C increased linearly with increasing temperature and 

increased linearly with decreasing light. Overall, these results suggest that 

further physiological data is required in order to parameterize models to 

estimate nanophytoplankton physiological responses to climate change. 
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1. Chapter 1: Introduction  
 

1.1 Rationale 

The underlying theme of this work is based on the importance of the ocean and 

its biota (specifically marine phytoplankton) in regulating the atmospheric 

concentrations of carbon dioxide (CO2), which is the main contributor to 

anthropogenic climate change. Understanding how climate change will affect 

the planet is currently one of the biggest questions facing the scientific 

community. Knowledge of the speed and ultimate impact of climate change on 

ecosystems and biogeochemical research is imperative. Taking a bottom up 

perspective one must begin with the effects of climate change on 

phytoplankton. Phytoplankton is the basis of the food chain in the marine 

environment and accounts for half the production of Earth’s organic matter 

(Arrigo, 2007; Wohlers et al., 2009). Because of this, phytoplankton also 

removes CO2 from the atmosphere and produce half the oxygen we breathe 

(Walker, 1980). 

While attempting to relate phytoplankton production data to the climate change 

problem, literature reviews have shown that there is not enough physiological 

data available to statistically determine what specific traits distinguish Plankton 

Functional Types (PFTs). In 2005, analysis of both spatial and temporal 

distributions of PFTs showed that distinguishing traits do exist (Le Quèrè et al., 

2005). By studying phytoplankton physiological responses to its environment 

to determine growth rate and composition (e.g. carbon: nitrogen: phosphorus: 

chlorophyll a – C:N:P:Chl a) it was hoped that we can better understand its 

response to and feedback on a changing environment.  

1.1.1 The carbon cycle 

 

The biogeochemical cycle by which carbon is exchanged among the different 

biospheres of Earth is one of the most important cycles in the functioning of 

this planet (Fasham, 2003). The oceans contain the largest active pool of 

carbon. Oceanic carbon exists in the forms of 35700 petagram (Pg) of dissolve 
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inorganic carbon (DIC, which is HCO3
−  + CO3

2−  + CO2, Buitenhuis et al., 

2013a; Solomon et al., 2007; Emerson et al., 2008) and 662 ± 32 Pg C as 

dissolved organic carbon (DOC, Hansell et al., 2013) and a few Pg of 

particulate organic carbon (POC) in living marine biota and non-living detritus 

(Yamamoto, 1995; Fasham, 2003; Gardner et al. , 2006; Buitenhuis et al., 

2013b). The most important exchanges of carbon in the oceans come from the 

interaction between the surface waters and the atmosphere (Fasham, 2003; 

Sabine et al., 2004) and the formation and destruction of organic matter via the 

biological processes of photosynthesis and respiration as well as the 

precipitation and dissolution of calcium carbonate (Emerson et al., 2008). This 

exchange occurs via CO2 gas exchange, the flow of DIC and the burial of 

mineral CaCO3 (Emerson et al., 2008). About 40% of the CO2 added to the 

atmosphere since the industrial age has remained there, the rest has been 

distributed over the land and ocean carbon reservoirs (Sabine et al., 2004; 

Emerson et al, 2008). It is important to understand how this distribution will 

continue because this process is important in forecasting the predicted fate of 

CO2 with anthropogenic climate change (Emerson et al., 2008). The amount of 

carbon in those respective reservoirs allows for a qualitative prediction of how 

much one sphere is dependent on another (Emerson et al., 2008).  

Inorganic carbon – that is compounds with no carbon-carbon or carbon-

hydrogen bonds - is important as a reactant in water since it regulates pH in the 

ocean and can vary as either a source or a sink of carbon to the atmosphere 

(Beaugrand et al., 2013). Particularly important are areas of upwelling and 

down-welling where carbon is released into the atmosphere and drawn down 

into the deep oceans respectively (Fasham, 2003; Bianucci et al., 2012; Doney 

et al., 2012).  

The exchange of carbon between the surface waters and the atmosphere is 

controlled by photosynthesis and respiration as well as by physico-chemical 

characteristics that influence the solubility of CO2 and hence its partial pressure 

(pCO2). Photosynthesis and respiration are associated with the marine 

plankton. Marine phytoplankton in general terms is responsible for 

approximately 50-60% of the global biological uptake of CO2 from the 



 

 

3 

 

atmosphere (Beardall et al., 2009; Fuschino et al., 2011). They are especially 

important in the regulation of the import and export of carbon between the 

atmosphere and the upper surface waters and therefore are significant in the 

carbon cycle (Fasham, 2003; Sigman et al., 2003). The carbon cycle in the 

marine environment begins with the basis of the marine ecosystem’s food 

chain which comprises the phytoplankton. These microscopic algae combine 

energy from sunlight with CO2 to form organic carbon in a process known as 

photosynthesis. This process provides them with the energy they require for 

metabolism and reproduction and the organic carbon is then cycled throughout 

the planktonic ecosystem by organisms that eat the phytoplankton 

(zooplankton), which are in turn ingested by larger organisms and so on as they 

progress up the food chain (Eppley et al., 1972). Not all of the originally 

produced organic carbon is utilized: approximately 10% of energy is 

transferred up each trophic level of the marine food chain; most of the rest is 

lost through respiration or as particulate material or detritus which sinks down 

from the upper sunlit (euphotic) portion of the marine ecosystem (Buitenhuis et 

al. 2013) – ultimately driving the transfer of CO2 from the atmosphere to the 

ocean in a process known as the biological pump (Eppley et al., 1972; Sigman 

et al., 1993; Gorsky et al., 1999; Henson et al., 2011; Kim et al., 2011; Hansell 

et al., 2012). This sequestration or ‘biological pump’ has been effective in 

removing CO2 from the atmosphere for millions of years (Sigman et al., 2003; 

Hansell et al., 2012). Again, most of this flux is eventually respired in the deep 

sea, while a small part ends up sequestered at the bottom of the deep ocean for 

millions of years (Henson et al., 2011). 

The operation of the biological pump depends on many factors including the 

size of the sinking particles, how fast they are recycled as they sink, and 

whether or not they are associated with the shells of some plankton functional 

types (coccolithophores, diatoms and some zooplankton) (Gorsky et al., 1999; 

Klaas et al., 2002; Sigman et al., 2003; Ridgwell et al., 2011; Henson et al., 

2011; Riley et al., 2012; Doney et al., 2012;). The significance (or not) of 

coccolithophores is hotly debated among the scientific community, as are the 

other factors that affect the biological pump, such as aggregation, size class, 
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competition and community structure (Gorsky et al., 1999; Steinberg et al., 

2008; Kwon et al., 2009; Henson et al., 2011; Laufkötter et al., 2013). The 

downward flux of particulate organic carbon (POC) decreases significantly 

beyond the upper sun lit layers due to plankton metabolism (particularly 

bacteria and zooplankton) (Steinberg et al., 2008). As increasing levels of CO2 

enter the atmosphere it is possible that the effect of the biological pump may 

become stronger and result in a negative feedback; where the output of the 

systems opposes changes to the input of a system resulting in attenuated 

changes (Sigman et al., 2003; Henson et al., 2011; Kim et al., 2011; Schoo et 

al., 2012; Moazami-Goudarzi et al., 2012). 

The biological pump is essentially moderated by atmospheric forcing, upper 

ocean physics and ambient chemistry, all of which may alter as the climate 

changes (Wohlers et al., 2009; Kim et al., 2011; Barnosky et al., 2012). As the 

climate changes the biological pump may be subject to both positive and 

negative feedback cycles. How effective the biological pump is depends 

greatly on regional variance based on species composition; their 

biogeochemical role and distinct environmental and nutrient responses (Kim et 

al., 2011). In essence, those factors used to distinguish plankton functional 

types by.  

All the processes involved in the biological pump are coupled with the cycles 

of elements present in seawater, including oxygen, nitrogen, silicon, 

phosphorus and iron (Fasham, 2003). All of these individual cycles can 

strongly influence the function and strength of the biological pump, since it is 

the quantity of these elements that produce the limiting growth factors for 

phytoplankton and heterotrophic biomasses (Falkowski et al., 1992; Behrenfeld 

et al., 2006). The other organic matter found in phytoplankton (other than 

carbon) such as nitrogen, phosphorus and trace elements, like iron, are found in 

a particular ratio known as the Redfield Ratio. The global average for the 

Redfield Ratio is 106C:16N:1P (Redfield 1934), other elements are present in 

trace quantities, but they are still important for growth and metabolism – as 

such they also can be limiting factors (Behrenfeld et al., 2006; Emerson et al., 

2008). Because phytoplankton are known to alter their nutrient stoichiometry 
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under differing environmental conditions but nutrient-saturated conditions 

(Menden-Deuer et al., 2000), it is hypothesized that nanophytoplankton  

nutrient stoichiometry will deviate from the Redfield ratios. It is thought that 

there will be an increase in N:P ratios with an increase in SST, and therefore an 

increased demand for N resulting in N-limitation (Toseland et al., 2013). 

Therefore it is hypothesized than nanophytoplankton will have N:P ratios close 

to Redfield.  

What is important is how climate change (in particular increases in 

stratification and sea surface warming) can lead to alterations in the 

effectiveness of the biological pump because these factors could lead to a 

decreasing supply of nutrients and therefore a reduction in NPP (Net Primary 

Production) (Emerson et al., 2008).  

When considering SST with the effectiveness of the biological pump, 

temperature-dependent physiological parameters become important. The 

maximum growth rate is an important factor in biogeographic distribution 

(Buitenhuis et al., 2008) and therefore in biogeochemical cycling and 

identifying plankton functional types for biogeochemical modeling (Sarthou et 

al., 2005). The hypothesis for members of the nanophytoplankton is that due to 

their small cell size, higher growth rates would be expected. The temperature 

dependent maximum growth rates of both single nanophytoplankers and 

nanophytoplankton as a PFT are hypothesized to best fit to an exponential 

function (Eppley, 1972). Nanophytoplankton is hypothesized to show a 

relationship between temperature range and isolation latitude; the majority of 

the nanophytoplankton isolates are from subtropical to tropical geographical 

locations and algae tend to grow below Topt allowing for interspecific 

competition (Eppley, 1972). Finally, members of the nanophytoplankon are 

hypothesized to show an inverse relationship between temperature dependent 

cell volume and growth rate (Brown et al., 2004).  

The other climate change-related factor affecting the efficiency of the 

biological pump is with ocean acidification and in particular its effect on 

calcifying organisms (coccolithophores, pteropods etc.). If coccolithophores 
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are less able to calcify, then this will affect the strength of the hard-tissue 

pump, which in turn may have a knock-on effect on the soft-tissue pump 

because the calcium carbonate acts as a ballasting effect to sinking material 

(Emerson et al., 2008). 

Those climate-change related factors that affect the physiology of PFTs are 

important in determining NPP. As the climate-driven conditions change, the 

result may induce a change in biological rates, a change in PFT elemental 

composition and therefore a change in the way that biogeochemical cycles are 

coupled. For example, simulations suggest that low Chl a:C ratios are caused 

by nitrate availability, and light is primarily responsible for the increase in 

phytoplankton Chl a :C ratios in the upper sunlit layers (Wang et al., 2009). So, 

by determining more physiological derived data on PFTs, climate modelling 

can better predict global climate change patterns. It is hypothesized that 

nanophytoplankton will show an decrease in Chl a:C with increasing light and 

increase linearly with increasing temperature (Geider, 2006). 

The strength of the biological pump is controlled by the fraction of the total 

primary production that is exported to the deep ocean (Henson et al., 2011). 

New production (NP) is fuelled by nitrogen supplied from vertical mixing and 

regenerated production (RP) is fuelled by nitrogen that is derived from the 

recycling of organic matter in the upper sunlit layers of the ocean (Dugdale et 

al., 1967). This is described over long time periods as the f- ratio and it is 

expressed as NP/(NP+RP) which states that over time, export (i.e. the 

biological pump) is equivalent to new production (Dugdale et al., 1967). 

Global estimates of carbon export are generally calculated from the linear 

relationship between the f-ratio and sea surface temperature (SST) with 

satellite-derived data on primary production and SST (Dugdale et al., 1967; 

Laufkötter et al., 2013). However, these calculations yield a global carbon 

export of ~12 Pg C yr-1. While this is greatly different from the global carbon 

export algorithms of ~20 Pg C yr-1 (Eppley et al., 1979; Uitz et al., 2010), it is 

comparable to the food-web model of 11 Pg C yr-1 (Henson et al., 2011) and 

slightly higher than the value of 9.6 Pg C yr-1 obtained from an inversion of in 

situ ocean observations (Schlitzer, 2004). Additionally, the understanding of 
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the role of nitrification in the biological pump leads to difficulties in predicting 

global carbon export. Laws et al. (2000) estimate the f- ratio by estimating NP 

from the part of NPP that is supported by nitrate and RP from the part of NPP 

that is supported by ammonium. They thus assumed that nitrification occurred 

only in the deep sea. More recently, it is thought that nitrification in the upper 

sun lit layers equals that of nitrification in the deep waters (Yool et al., 2007; 

Henson et al., 2011) which means that half of the NPP that is supported by 

nitrate is part of the RP in the upper ocean. This suggests that using nitrate vs. 

ammonium based estimates of the f -ratio would result in an over-estimation of 

carbon export (Dugdale et al., 1967). The estimates of the f-ratio are very 

variable from 10 – 20% in oligotrophic waters, to 50% under bloom conditions 

(Chavez et al., 1995). The global mean estimate from 1995 was 14% (Chavez 

et al., 1995).  

Such massive dissimilarity in the estimation of global carbon export is a key 

indicator to the requirement of further research on carbon export. One of the 

reasons that carbon export is difficult to predict is because part of the carbon 

cycle that remains unaltered by the effect of increasing CO2 emissions is still 

sensitive to climate change (Matsumoto et al., 2010). Specifically, the physical 

forcing like the Atlantic meridional circulation will have the greatest impact on 

the part of the carbon cycle that remains unaltered by increasing emissions of 

CO2 and will lead to a significant reduction in global carbon uptake in the 

ocean (Matsumoto et al., 2010). In terms of the biological effects, it is expected 

that a reduction in the organic carbon export will be caused by a reduction in 

the supply of nutrients; an increase in organic carbon production will be 

ameliorated by the increase in SST, and a reduction in CaCO3 will occur due to 

ocean acidification (Matsumoto et al., 2010). 

Larger phytoplankton like diatoms and dinoflagellates have previously been 

understood to contribute more to carbon export (Gorsky et al., 1999; Sigman et 

al., 2003; Henson et al., 2011; Ridgwell et al., 2011; Stukel et al., 2011; Riley 

et al., 2012; Doney et al., 2012) than small phytoplankton cells like those that 

comprise the pico and nano functional types (Tilstone et al., 1999; Richardson 

et al., 2006; Uitz et al., 2010). This is usually due to aggregation and 
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gravitational effects (Smayda, 1970) of carbon sequestration, but Richardson et 

al. (2007) show that the direct (aggregation) and indirect contributions 

(consumption by larger organisms) to carbon export from smaller size classes 

of phytoplankton (here, specifically picoplankton) is proportional to their 

contribution to NPP (Richardson et al., 2007). Previous models have assumed 

that the carbon export from small sized class plankton functional types has 

been cycled via the microbial loop rather than being directly exported out of 

the euphotic zone (Richardson et al., 2007). They state that not all cells need to 

be large in order to be exported; aggregations of small cells, particularly in 

nutrient deplete water, can also settle out (Richardson et al., 2007; Stukel et al., 

2011). However since this work, Stukel et al., in 2011 have concluded that 

zooplankton is the major driver of carbon export – at least in the Spring 

California Current Ecosystem. Clearly, size –related contribution to carbon 

export is a much debated topic because biologically mediated processes vary 

among marine ecosystems.  

1.1.2 Global climate change and predictions 

 

Climate change is a natural and normal phenomenon that is characterized by a 

statistically significant and lasting change in the distribution of weather 

patterns causing an alteration in the average climate for that particular period 

(Baronsky et al., 2012). The change can last temporally for periods of decades 

to millennia; but spatially it is global (Baronsky et al., 2012). Historically, 

climate change has been known to be caused by ocean circulation; biotic 

processes; variations in the output of the sun; plate tectonics and volcanic 

eruptions (Hof et al., 2011; Barnosky et al., 2012).  

Analysis of ice cores from Antarctica showed that pre-industrial CO2 mixing 

ratios (the abundance of one component of a mixture relative to another; in this 

case – air) over the periods of 1006 to 1978 A.D. were between 275 and 284 

parts per million (ppm) (Etheridge et al., 1996). Lower levels were recorded 

between 1550 and 1800 A.D. this is likely due to a global colder climate 

(Etheridge et al., 1996). Etheridge states that the natural variations make it 

difficult to refer to a single pre industrial unit to describe CO2 levels (Etheridge 
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et al., 1996), but that it was probably at around 280 ppm right before the onset 

of the industrial revolution (Canadell et al., 2007). Nevertheless, they were 

able to distinguish the major growth in CO2 levels over the industrial period 

(anthropogenic CO2) with the exception of the period between 1935-1945 

when the CO2 mixing ratios stabilised or decreased slightly (Etheridge et al., 

1996). This is attributed to natural variations of the carbon cycle on a decadal 

timescale (Etheridge et al., 1996). The analysis of Etheridge, 1996 calculated a 

25% increase in CO2 mixing ratios by 1996, since the onset of the industrial 

period (Etheridge et al., 1996). Natural variation was easily identified during 

periods of glaciations, the CO2 levels lowered consistently by about 80 ppm 

(Etheridge et al., 1996). Smaller variations were possibly caused by the 

feedback of the climate on the carbon cycle (Etheridge et al., 1996).   

Between 1750 and 2012, humans have released 590 ± 75 Pg C from fossil fuel 

combustion, land use change and cement manufacturing (GCP, 2013). This 

release of carbon has caused atmospheric pCO2 to increase by 115 parts per 

million by volume (ppmv) (GCP, 2013). Even the CO2 emissions growth rate 

has increased; for example, between 2000 and 2006 the emissions compared 

with the previous decade increased from 1.3% to 3.3% y-1 (Canadell et al., 

2007).  

As of 2013, the global average atmospheric CO2 level is 395 ppmv (Paquay et 

al., 2013). This is a 40% increase from pre-industrial levels (Paquay et al., 

2013). This is the highest level the Earth has experienced over the last 650,000 

years and probably even over the last 20 million years (Canadell et al., 2007; 

Pearson et al., 2000). According to the International Panel for Climate Change 

(IPCC), carbon emissions may lead to atmospheric CO2 levels of around 700 

ppmv (Paquay et al., 2013), with a global mean temperature rise of between 

3.3°C and 5.8°C (SRES8.5 scenario, IPCC, 2014) by 2100 relative to the 

middle of the 20th century.  

Climate change predictions are made through modeling approaches (Koffi et 

al., 2011; Friedlingstein et al., 2003; Lin et al., 2011). The output from the first 

two simulated projections from the ocean-atmosphere general circulation 
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models (OAGCMs) (Cox et al., 2000; Dufresne et al., 2002; Friedlingstein et 

al., 2003) showed that the climate-carbon cycle interactions results in a 

positive feedback; meaning that it acts to increase the magnitude of this 

perturbation. What remains unknown is how extensive this increase may be 

(Friedlingstein et al., 2003). However, most of the uncertainty in the 

temperature projections arises from different CO2 emission scenarios (so called 

representative concentration pathways (RCPs)), i.e. from future human 

decisions, and not from differences between different Earth system models 

(IPCC, 2013).  

Future climate change forced by a 1% per year increase in atmospheric CO2 

has shown to have a positive feedback between the climate and the carbon 

cycle (Friedlingstein et al., 2001) by reducing ocean (and land) uptake of CO2 

by 35% at 4 x CO2. The reduction in oceanic carbon uptake is due to a 

combination of increased SST reducing CO2 solubility, the impact of reduced 

vertical mixing on the efficiency of the biological pump and changes in the 

biogeochemical cycling of CO2 (Friedlingstein et al., 2001). When cumulated, 

the effect is a reduced oceanic uptake of CO2, predominantly at higher latitudes 

(Friedlingstein et al., 2001). It has also been argued that the reduced efficiency 

of the ocean CO2 sink can lead to a long-term increase (over 50 years) in the 

CO2 airborne fraction (AF) (which is the ratio of annual increase in 

atmospheric CO2 to the CO2 emissions from anthropogenic sources). Canadell 

et al., 2007 shows that increases in AF amounts to 18% of the increase in the 

atmospheric CO2 growth (Canadell et al., 2007). The AF is a function of 

physical and biological processes governing CO2 exchanges as well as the 

trajectory for anthropogenic emissions (Canadell et al., 2007). From the period 

2000 – 2006 half of the anthropogenic emissions remained in the atmosphere 

(0.45) and the rest was distributed between the land (0.30) and ocean sinks 

(0.24) (Canadell et al., 2007). The increase in AF implies that the 

anthropogenic emissions have increased faster than the CO2 sinks (Canadell et 

al., 2007). 

The World Ocean Circulation Experiment (WOCE) was part of the World 

Climate Research Programme (WCRP) encompassing almost 30 countries to 
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make in situ and satellite measurements of the Earth’s oceans between 1990 

and 1998 in order to better understand the physical processes that govern the 

oceans and the climate. The Joint Global Ocean Flux Study (JGOFS) was 

conceived in the late 1980s in an attempt to study the ocean’s carbon cycle 

with specific emphasis on carbon exchange, cycling and export within the 

ocean and including across the air-sea boundary (Hanson et al., 2000). Both of 

these studies show that the uptake of CO2 from anthropogenic emissions is 

actually not evenly distributed throughout the ocean (Sabine et al. 2004). 

Highest concentrations are found in the North Atlantic (Sabine et al., 2004). 

The North Atlantic actually holds an astounding 23% of the total absorbed 

anthropogenic emissions, despite only consisting of 15% of the total ocean 

volume (Sabine et al., 2004). Conversely, the Southern ocean has absorbed a 

mere 9% of the total. About 60% of the total oceanic CO2 sink is in the 

Southern Hemisphere oceans which is proportional to the ocean volume in that 

hemisphere (Sabine et al., 2004). Because the emissions are absorbed via sea-

air exchange, most of the highest concentrations of absorbed anthropogenic 

CO2 are found in the upper layer above the thermocline (Sabine et al., 2004). 

Variations in penetration depth are determined by how rapidly the uptake is 

transported to the deep ocean, this is generally associated with convergence 

zones and along isopycnal gradients (Sabine et al., 2004). This accounts for the 

high concentrations in the Atlantic where there is a low Revelle number 

(measure of resistance by bicarbonate chemistry to atmospheric CO2 being 

absorbed in the ocean surface) (Sabine et al., 2004), meaning that atmospheric 

CO2 is strongly buffered by the ocean. Without oceanic uptake, atmospheric 

CO2 would actually have been 471 ppm in 2012 rather than 393 ppm (GCP, 

2013b).  

1.1.3 Anthropogenic climate change 

 

Anthropogenic climate change refers to the human activities that impact on the 

climate changing. These can include production of greenhouse gases emitted 

by the activity of humans, which has become a particular problem since the 

industrial revolution (onset from about 250 year ago) (Doney et al., 2012). The 

most prevalent of these is the emission of carbon dioxide from fossil fuel 
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combustion and the production of aerosols (atmospheric particles), CO2 

emitted from cement manufacture, land use changes (e.g. animal agriculture 

and deforestation) and ozone depletion. The IPPC Fourth report (2007) 

concludes that the post-industrial rise in atmospheric greenhouse gases do not 

come from natural mechanisms but from human activity. This increase in 

burning of fossil fuels is predicted to lead to significant changes in the climate 

(IPCC, 2007). 

Currently, about half of the present emissions (Cox et al., 2000; Doney et al., 

2000; Emerson et al., 2008; Eby et al., 2009) are being absorbed by the ocean 

and terrestrial ecosystems. The estimates for the oceanic sink for global 

anthropogenic CO2 from 1800 – 1994 is ~48% of the total emissions (Sabine et 

al., 2004). In the period 2003 – 2012 this had gone down to 27% (GCP, 2013). 

The terrestrial ecosystem sink was also 27% (GCP, 2013). 

With rising CO2 and climate change, the ecosystems of the ocean will be 

affected by shifts in temperature, ocean circulation, stratification, nutrient 

input, oxygen content and ocean acidification (Doney et al., 2012). The sea 

surface temperature is expected to rise by 1.8°C – 4°C (Solomon et al., 2007; 

Doney et al., 2012). These physico-chemical factors impact on the biological 

ecosystems, insofar that phytoplankton community structure and diversity will 

be affected (Doney et al., 2012). Population-level regime shifts have already 

occurred as a result of plankton physiological intolerances to new 

environments, coupled with alterations in dispersal patterns, local extinctions 

and invasions and changes in species interactions at community level (Bopp et 

al., 2005; Doney et al., 2012). These climate-driven responses could result in 

novel ecosystems (Doney et al., 2012), most obviously, these impacts will 

likely be seen at the poles and the tropics. Polar ecosystems are more sensitive 

to sea-ice retreat and tropical species are more sensitive to the upper increases 

in SST (Doney et al., 2012).  

As we have already seen, the distribution of phytoplankton biomass 

geographically, and in turn the NPP is defined by the availability of light and 

nutrients in the marine ecosystem (Behrenfeld et al., 2006). In turn, these 
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growth-limiting factors are dependent on ocean physics forcing, the dynamic 

processes of mixing and stratification, upwelling, dust deposition (particularly 

important for iron) and the cyclical nature of the sun (Behrenfeld et al., 2006). 

Global NPP has been estimated from satellite colour of chlorophyll content, 

which provides a quantitative basis on which to link NPP to environmental 

factors (Behrenfeld et al., 2006).  The impact of climate change is thought to 

result in a reduction in NPP with simulations suggesting that with 2x CO2 

(twice the pre-industrial concentration), increased stratification will lead to 

both a reduced supply in nutrients and an increase in light intensity, in the 

OPAICE model (coupled with Arpege via OASIS) the net result of this was a 

global reduction in marine productivity of 6% by 2100 (Bopp et al., 2001). The 

OPAICE model solves primitive equations on a curvelinear grid which has a 

meridional resolution higher at the equator to account for enhanced dynamics 

(average resolution = 2° longitude by 1.5° latitude). The grid has 30 levels 

vertically, 10 for the first 100 m of the ocean (reaches 5000 m). It also has 

vertical diffusion and viscosity coefficients to describe turbulent kinetic energy 

throughout the water column. Therefore OPAICE is able to predict turbulence 

in and below the mixed layer (therefore the mixed layer depth varies in time). 

The model also used isopycnal parameters of lateral diffusivity as well as 

includes a sea-ice model to take into account thermodynamics (Bopp et al., 

2001). 

1.1.4 Plankton Functional Types 

 

PFTs are conceptual groupings of plankton species with a common ecosystem 

function (Le Quèrè et al., 2005). These groupings were outlined by a group of 

scientists from the Dynamic Green Ocean Project in 2003. The common 

functions relate to food webs, or biogeochemical cycling (Le Quèrè et al., 

2005). The PFTs should have a distinct set of physiological requirements that 

govern their biogeochemical role and the PFT behaviour should have important 

effects on other PFTs while at the same time having a quantitative importance 

in at least some part of the global ocean (Le Quere et al., 2005). But because 

these groupings are not distinct and do not relate solely to the physiological 
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characteristics or size class, it may be difficult to determine their importance in 

carbon export (Anderson, 2005b).  

With the changing climate, if the new environmental conditions are tolerable, 

one of two results will occur; either acclimation (individual physiological 

adjustment) or adaptation (increased abundance of tolerant genotypes over 

generations) (Doney et al., 2012). If the new environmental conditions prove to 

be intolerable, then one of two results may occur; migration (by individuals or 

populations), or death and perhaps local extinction (Doney et al., 2012).  

The changes in the marine environment may benefit some PFTs or may act to 

the detriment of others. This could be because of increased availability in 

nutrients, reduced energetic maintenance costs or a reduced competition or 

predation (Doney et al., 2012). However, experiencing changing environmental 

conditions outside of the normal range is usually stressful and thus causes 

suboptimal physiological responses (Doney et al., 2012). Where this happens, 

the result will be higher mortality rates, reduced growth rates, smaller sizes of 

multicellular organisms and reduced reproduction (Doney et al., 2012). In 

order to relate the physiological responses of PFTs in changing environment, 

laboratory data are incorporated into biogeochemical models in an effort to 

determine which PFTs will profit and which will not.   

1.1.5 Nanophytoplanker 

  

The geographic factors that define nanophytoplankton as a PFT are that it does 

not bloom in the open ocean but is most abundant in oligotrophic waters, 

contributing to about 45% of the total biomass (Uitz et al., 2006). Conversely, 

in eutrophic waters its total biomass totals only about 21% (Uitz et al., 2006). 

But interestingly, in terms of the absolute content (in mg Chl a m-2) the 

increase in chlorophyll a actually triples for nanophytoplankers from 

oligotrophic water to euphotic waters (Uitz et al., 2006). Analysis of the 

vertical profile of nanophytoplankton has shown it to be predominant in all 

parts of the water column irrespective of stratification or well mixed waters 

(Uitz et al., 2006). Nanophytoplankton is also an important contributor to the 
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Southern Ocean in terms of number but not biovolume and are generally more 

abundant in areas of low chlorophyll a concentrations (Detmer et al., 1997). 

Across the Atlantic Meridional Transect (AMT) cruises, nanophytoplankton 

contribution to carbon fixation in the surface waters was 30 – 50% and higher 

than the total chlorophyll a contributions (10 – 20%); despite the dominant 

fraction coming from picophytoplankton (carbon fixation: 50 – 70% and 

chlorophyll a 80-90%) (Poulton et al., 2006). 

Table 1.1 Nanophytoplankton comprise autotrophic eukaryotes with a size range between 2-20 

µm. For this thesis, species of non-calcifying nanophytoplankton have been chosen and include 

the following species: 

Roscoff 

Culture 

Collection 

(RCC) 

number 

Species Class Diameter 

µm 

1348 Isochrysis galbana Haptophyte 5 

1448 Prymnesium calathiferum Haptophyte 4 

1406 Pleurochrysis gayraliae Haptophyte 3 

905 Imantonia rotunda Haptophyte 3 

261 Pseudoscourfieldia cf. marina Chlorophyte 4 

661 Chlorella stigmatophora Chlorophyte 3 

916 Prasinoderma coloniale Chlorophyte 3 

647 Micromonas pusilla Chlorophyte 2 

21 Ochromonas distigma Chrysophyte 5 

91 Scripsiella trochoidea Dinoflagellate 20 

 

The nanophytoplankers used for this thesis comprise haptophytes, 

chlorophytes, a dinoflagellate and a chrysophyte (Table 1.1). Superfamilies are 

groups of phytoplankton that can be distinguished via groups of proteins with 

enough similar structural evidence to support a common evolutionary ancestry. 

Superfamilies include the Green superfamily (appropriated chlorophyll b as the 

ancestry pigment) and the Red superfamily (that appropriated chlorophyll c); 
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but for N:P there are only significant differences between phyla (among those 

tested from the Green superfamily are prasinophytes and chlorophytes; and 

from the red superfamily are dinoflagellates, haptophytes and chrysophytes) 

(Quigg et al., 2003). The non-calcifying haptophytes are a genera that show the 

presence of a haptonema at once point throughout their life history and they 

comprise approximately 11 genera with about 80 species (Prymnesiophyceae) 

(Thomsen et al., 1994). Species are distinguished from one another based on 

morphological differences and number of types of organic scales covering the 

cell body (via transmission electron microscopy – TEM). Although according 

to Pacific Ocean surveys the biomass and contribution of the haptophytes is 

relatively low (about 13 ± 9 %) its contribution to the nanophytoplankton 

functional group is relatively consistent worldwide and about 37 ± 20% 

(Thomsen et al., 1994). 

The dinoflagellates comprise a large group of protists, all with flagella. Many 

are marine and many are photosynthetic. Of the free living species there are 

currently around 1,555-1,700 described marine dinoflagellates (Gómez, 2005; 

Taylor et al., 2008). They range greatly in size from about 5 µm to 2000 μm. 

They are identified by being unicellular and possessing two unequal flagella 

from the ventral cell side (Gaines et al., 1985). The transverse flagellum beats 

to the left of the cell, and the longitudinal flagella beats posteriorly (Gaines et 

al., 1985). Some have a cell covering known as a cortex which is composed of 

membranes, flattened vesicles called alveolae and other structures (Netzel et 

al., 1984) and are morphologically identified as being thecate or athecate 

species (sheathed, or unsheathed) (Menden-Deuer et al., 2000). Of the 

photosynthesizing dinoflagellates (those with chloroplasts), most possess a 

dinokaryon (nucleus) (Spector, 1984). Although dinoflagellates are classified 

as eukaryotes, they do not possess nuclei that are characteristic of a eukaryote. 

This is because the nuclei lack histones and nucleosomes and they also 

maintain continually condensed chromosomes during mitosis (Steidinger et al., 

1996).  

Chlorophytes are the green algae and can be multi or unicellular. They are 

structurally very diverse, although the ancestral type is thought to be a 
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unicellular flagellate with two identical flagella (Mattox et al., 1984). 

Chlorophytes have a nucleus and chloroplasts that are anterior and surrounded 

by two membranes, and the thylakoids are stacked into lamellae (Mattox et al., 

1984). They are known as the green algae because they have both chlorophyll a 

and b in the same proportions as higher plants (Mattox et al., 1984).  

Chrysophytes are the golden algae that comprise a large group of mostly 

unicellular photosynthetic flagellates. Nearly all are thought to become 

facultatively heterotrophic in the absence of plentiful light, or in the presence 

of plentiful DOC (dissolved organic carbon) (Waggoner, 1995). They are 

distinguished primarily by the structure of the flagella in motile cells. The cell 

contains two specialized flagella – the active flagellum is orientated towards 

the direction of movement and the smoother- in- appearance, second flagellum 

is orientated in the opposite direction (Waggoner, 1995).   

1.1.6 Nanophytoplankton as a PFT 

 

Prior to 2003 most global ocean biogeochemical modelling efforts used NPZD 

models (nutrient – phytoplankton – zooplankton – detritus). Because 

biogeochemical cycling is explicitly linked to plankton, it was decided that the 

best course of action would be to include PFTs in biogeochemical models (Le 

Quéré et al., 2005; Le Quéré et al., 2009). This led to the evolution of Dynamic 

Green Ocean Models (DGOM) based on the identification of PFTs in order to 

identify the ecosystem processes that are important to the biogeochemical 

cycles of the various elements and their interactions (Le Quéré et al., 2005).  

Biogeochemical cycling in the marine environment is explicitly linked to the 

activity of PFTs. Modeling has proven to be complicated due to the complex 

nature of biology (Anderson, 2005). The current understanding of marine 

ecology, a lack of data and great species diversity has aggravated the situation 

(Anderson, 2005; Laufkötter et al., 2013).  

The concentrations of phytoplankton PFTs are driven by two primary factors; 

growth and mortality by zooplankton (Buitenhuis et al., 2013). Both of these 

processes are important in determining the total carbon export – specifically for 
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each plankton functional type. JGOFS calls for the modeling of carbon export 

and hopes to describe the net community production (NCP) as the difference 

between autotrophic net photosynthesis and heterotrophic respiration (Hanson 

et al., 2000). Models need to be able to resolve spatial influences on primary 

production. By determining more physiological data on nanophytoplankton as 

a plankton functional type one can hope to achieve better model parameters 

(Williams, 2000). Biogeochemical models use a dynamic model to estimate 

light physiological responses in plankton; therefore it is hypothesized that 

nanophytoplankton photosynthetic parameter best fits to a dynamic model 

(Geider et al., 1996; 1998).  

1.1.7 Nanophytoplankon and carbon export 

 

The Southern Ocean is considered to be an important sink for atmospheric CO2 

and due to the sensitivity of the driving mechanisms to climate change it is an 

important area for research (Bathmann et al., 2000). Previous studies suggest 

that diatoms contribute much of the primary production in the Southern Ocean, 

but also that nanophytoplankton dominates in seasonal blooms (Uitz et al., 

2010).  

Carbon export in the North Atlantic is much more difficult to resolve; biomass 

in the surface layers is low and particulate matter has a high turnover (Doney et 

al., 2000). It is thought that only a fraction of the fixed carbon is exported by 

gravitational sinking and advection (Doney et al., 2000). Any export flux is 

supported by the action of vertical nutrient fluxes that act to sequester carbon 

in the deep ocean and in the thermocline for significant time periods, but which 

could change with the changing climate (Doney et al., 2000). Export accounts 

for 2/3s of the ocean CO2 sink, while the effect of solubility in colder water 

accounts for the remainder (Doney et al., 2000).  

A review of plankton functional types from satellite observations by Uitz et al. 

revealed that nanophytoplankton not only contributes to a ubiquitous 30-60% 

of the total primary production, but that this percentage equates to about 44% 

of the carbon export (approximately 20 Pg C yr-1) (Eppley et al., 1979; Uitz et 

al., 2010). However, their size based classification did not exclude 
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coccolithophores and phaeocystis from the nanophytoplankton (Uitz et al., 

2010), while the PlankTOM10 model does. Generally nanophytoplankton is 

thought to contribute 5 Pg C yr-1 NPP in the Atlantic; 9 Pg C yr-1 in the Pacific; 

4 Pg C yr-1 in the Indian Ocean; 0.2 Pg C yr-1 in the Arctic; 1.7 Pg C yr-1 in the 

Southern Ocean; 0.2 Pg C yr-1 in the Mediterranean Sea; 9.2 Pg C yr-1 in the 

tropics and 4.6 Pg C yr-1 at the equator (Uitz et al., 2010).  

Previous models made simple assumptions that resulted in minimal biological 

impact on carbon export because all of the DIC required to fuel the growth of 

phytoplankton came from upwelled nutrients resulting in no net gas exchange 

(Michaels et al., 2000; Doney et al., 2000; Emerson et al., 2008). Mostly this is 

because of model assumptions (e.g. constant Redfield ratios) but often the 

biological observations contradict these assumptions, generally because their 

influence is dynamic and reliant of the chemistry and the physics of the ocean.  

As the climate changes, it is likely that the ocean will acquire an increase in the 

input of limiting nutrients from the atmosphere as dust patterns alter (Jickells et 

al., 2007). Therefore, it is possible that the rate of carbon export can change 

with feedback to the build-up of greenhouse gases (Denman et al., 2000). If 

climate change causes changes in the Redfield Ratio (106:16:1 – C:N:P) then 

the utilization of carbon relative to the other limiting nutrients could mean that 

either more or less carbon will be exported (Denman et al., 2000). Research 

from Toseland et al., state that in warmer oceans phytoplankton will produce 

higher N:P ratios which will in turn increase the demand for N. The 

consequence for this relating to carbon export is a shift towards N-limitation 

(Toseland et al., 2013). Changes in nutrient concentrations from industrial 

atmospheric sources, and also from agricultural runoff will also impact on the 

rate of carbon exchange. Physiological experimentation to see whether the 

nutrient uptake generally differs from the Redfield Ratio or if it remains the 

same with climate change parameters will allow insights into biological 

mechanisms and carbon export as well as the inferred degree of nutrient 

limitation of phytoplankton growth and cellular composition (Denman et al., 

2000). Other studies have confirmed a departure from the Redfield Ratio where 
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the stoichiometry, in particular of C:N and C:P are usually higher than Redfield 

(Denman et al., 2000).   

1.2 Aims and approaches 

PFTs have been distinguished by their biogeochemical role; distinct 

environmental and nutrient requirements, their impact on other PFTs, and by 

their quantitative importance in at least some specific geographic location (Le 

Quèrè et al., 2005). Specifically, nanophytoplankton species were subject to 

three main physiological experiments that are relevant to climate change. 

Firstly, a temperature limitation experiment where the algae were grown in 

batch cultures in a temperature gradient bar; secondly a light limiting 

experiment where the algae were grown in batch cultures at limiting to 

saturating light intensities; and lastly, a nutrient experiment where the algae 

were grown nutrient replete media. The experiments were designed to 

determine growth rate, cellular composition (specifically C:N:P:Chl a), 

photosynthesis rates and parameters. These physiological aspects were 

determined for comparison with other PFTs and for parameterization of a 

global biogeochemical model (PlankTOM10). For temperature physiology, the 

model uses the parameters µmax0 d
-1 and Q10

0.1. For light physiology, the model 

uses αChl g C m2(mol photons g Chl)-1 and θmin and θmax g C g Chl-1. 

PlankTOM10 Currently has 10 PFTs to enable the use of marine ecosystems as 

a means to better understand and predict the importance of living systems in 

the ocean to current aspects of climate change. The parameterization of such a 

model is especially important so that their predictive outputs can mirror that of 

remote satellite and field data as much as possible (Le Quèrè et al., 2005).  
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2 Chapter 2: Methodology 

2.1.1 Description of species used 

 

Table 2.1 Nanophytoplankers from the Roscoff Culture Collection (RCC) (roscoff-culture-

collection.org). 

 

Class 

 

RCC 

number 

 

Species 

 

Isolation 

latitude 

 

Topt 

°C 

 

Mean cell vol 

at Topt 

μm3/cell 

Haptophyte 1348 Isochrysis galbana 54°08’ N, 

4°77’W  

25 38 ± 0.88 

Haptophyte 1448 Prymnesium 

calathiferum 

14°64’N, 

61°W 

 

25 38 ± 0.32 

Haptophyte 1406 Pleurochrysis 

gayraliae 

55°45’N, 

4°55’W 

15 11 ± 0.72 

Haptophyte 905 Imantonia rotunda 48°45’N, 

3°57’W 

20 12 ± 0.50 

Chlorophyte 261 Pseudoscourfieldia 

cf. marina 

14°30’S, 

73°20’W  

30 24 ± 6.32 

Chlorophyte 661 Chlorella 

stigmatophora 

59°21’N, 

10°35’E 

15 23 ± 3.26 

Chlorophyte 916 Prasinoderma 

coloniale 

8°20’S, 141° 

15’W 

25 15 ± 0.29 

Chlorophyte 647 Micromonas pusilla 54°11’N, 

7°54’E 

25 2.3 ± 0.32 

Chrysophyte 21 Ochromonas distigma 47°86’N, -

0°25’W 

25 84 ± 1.92 

Dinoflagellate 91 Scripsiella trochoidea 49°19’N, 

123°15’W 

20 258 ± 3.70 

Table 2.1 shows the species that were used. They were chosen to represent a 

wide range of geographical locations in an effort to define nanophytoplankton 

as a global functional type; they span coastal to open ocean and tropical to 

temperate waters (Figures 2.1 and 2.2), but no polar species were included. All 

of the cultures were unialgal but probably not axenic. The isolation latitude 
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data come from the Roscoff website and the temperature optimum (Topt), mean 

cell volume and statistical data were empirically derived for the purpose of this 

thesis (Chapter 3).  

 

Figure 2.2 Isolation location of the species from the Roscoff Culture Collection (RCC). The 

images of the algae are also from the RCC website. The phytoplankton species name are colour 

coded, the class are shown in the legend. The arrows indicated approximate isolation location 

and the sampling depth is stated where known. (Planetary Visions, 2014). 
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Figure 2.3 Isolation locations of the species from the Roscoff Culture Collection (RCC). The 

images of the algae are also from the RCC website. The phytoplankton species names are 

colour coded, their classes are shown in the legend. The arrows indicate approximate isolation 

locations and the sampling depth is stated where known. Wikimedia maps, 2014. 

2.1.2 Stock cultures for experimental data 

 

Stock cultures were grown in either f/2 or ESAW media (Enriched Seawater 

Artificial Medium (Harrison et al., 1980; Berges et al., 2000; available at: 

https://ncma.bigelow.org/ (Harrison et al., 1980; and kept in MLR 251 Plant 

Growth Chamber Incubators (Panasonic Biomedical Sales Europe BV, 

Loughborough, UK). 

Table 2. 1 Temperatures for stock culture maintenance. The numbers represent the RCC 

number codes. 

Temperature 

°C 

8 15 17 22 

Culture (RCC) 661 647, 905 1348, 1406 21, 91, 261, 

916, 1448 

https://ncma.bigelow.org/
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2.1.3 Change in fluorescence as a growth rate proxy 

 

In vivo fluorescence was measured as a proxy for cell number using a Turner 

fluorometer model 10AU (Tunzi et al., 1974; Slovacek et al., 1977; Brand et 

al., 1981b; Karsten et al., 1996; Gustavs et al., 2009). Fluorescence is the 

emission of electromagnetic radiation by (in this example) chlorophyll a. The 

Turner fluorometer measures the light emitted (at 680 nm in the red range) 

from the chlorophyll molecules after excitation at a specific wave length of 440 

nm, because chlorophyll a has an absorption maximum in blue wavelengths. 

However, the relationship between the chlorophyll a concentration and the 

measured fluorescence values can vary interspecifically and intraspecifically 

(Slovacek et al., 1977). In order to ensure that the growth rates calculated from 

the fluorometer were accurate, they were compared to growth rates calculated 

from cell numbers (via a Coulter Counter – see section 2.1.4). In addition, 

growth rates were measured on cultures only after they were acclimated to the 

culture conditions to obtain stable chlorophyll a/cell contents. 
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Figure 2.4 Schematic for the Turner AU-10 fluorometer when used for analysis of fluorescence 

in discrete batch phytoplankton cultures in glass tubes. Turner Designs, 1999. 

The excitation of light is affected by numerous factors that include the health 

of the cells, dissolved organic matter (DOM), particulate organic matter 

(POM), turbidity (can cause scattering), cell morphologies (where shape and 

composition can interfere with the excitation signal), temperature (i.e. as 

temperature increases fluorescence decreases), nutrients and diurnal cycles. 

Therefore the Turner fluorometer is a semi-quantitative tool. An additional 

problem with the linearity of the fluorometer is if the concentration of cells 

becomes too high and the passage of the excitation light through the sample is 

impeded. This can be overcome with careful comparison to previous daily 

measurements because at very high cell concentrations, there would be a large 

decrease in fluorescence. Variation will also become apparent with the light 
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history of the culture; for example, phytoplankton adapted to high light 

conditions will produce a lower fluorescence response per unit chlorophyll than 

dark-adapted phytoplankton. To overcome some of these issues it is important 

to run a blank sample which would represent the constituents of the body of 

liquid that house the phytoplankton. It is also important to swirl the cultures 

before running a sample and use untainted vials to reduce the effects of 

turbidity. Measurements were made around the same time of the day to reduce 

the impact of diurnal cycles or the changes in algal pigments due to light 

availability.  

2.1.4 Growth rate calculations 

 

The in vivo fluorescence of each culture was measured daily with a Turner 

Fluorometer 10AU (see section 2.1.3). Each culture was measured within 1.5 

hours of the onset of the light cycle (to minimize diel effects), care was taken 

to ensure that the borosilicate vials were untainted on the outside (to reduce 

turbidity or refraction effects) and each sample was swirled gently before 

measuring. A blank value for medium alone was subtracted from the final 

fluorescence reading. The growth rates were calculated in SYSTAT using the 

slope of a linear regression of Ln (fluorescence) against time (T) over the 

logarithmic growth phase, which usually started on day three after 

subculturing. The growth rate of each species was determined from a minimum 

of three measurements and the standard error from the observed growth rates 

was also derived from the linear regression in SYSTAT. Cultures were also 

measured on alternate days using a Coulter Counter (Beckman Coulter Ltd. 

High Wycombe, UK.) to measure cell numbers and cell volume. Replicate 

cultures were grown sequentially in the same position in the TGB. Between 

three and six replicates were grown. 

2.1.5 Statistical analysis  

 

Regression analyses, ANOVAs, Mann-Whitney (Rank Sum Test), Pairwise 

Multiple Comparison (Dunn’s method) and T-tests (Student’s and Paired) were 

conducted in Sigmaplot © Version 12.5. 
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2.1.6 Cell number and volume: Coulter counter 

 

The Coulter Multisizer III is an accurate particle sizing and counting analyser 

which measures particles from size ranges of 0.4 µm to 1600 µm and the 

results are unaffected by refractive index, colour, size or shape of the particles. 

It uses electrical impedance (ratio of the voltage to the current in an alternating 

current (AC) circuit) to measure the volume of the particles (cells) that pass 

through an aperture. There are different aperture sizes available for a spectrum 

of different sized particles. For this research, a 100 µm diameter aperture was 

used. The sample (0.5 ml) along with 9.5 ml of electrolyte (0.2 µm filtered 

natural sea water) was placed into a cuvette and the suspended particles were 

drawn up through the aperture between two electrodes. The voltage between 

these electrodes creates the sensing zone via the electrical impedance. As the 

particles are pulled up (under vacuum), they displace a volume of electrolyte 

equivalent to the volume of the particles creating a measurable pulse allowing 

for discrete particle-by-particle analysis so cell number per ml can be identified 

(Beckman Coulter Counter, 2014); additionally the biovolume per ml was 

identified so that the average cell volume can be calculated by dividing the 

total biovolume by the cell number. Each analysis records the average of three 

replicate 0.5 ml subsamples.   
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Figure 2.5 Schematic of the Beckman Coulter Counter. It shows the aperture with an internal 

and an external electrode with the sample vessel filled with electrolyte solution. Pre-

determined subsamples of the original sample are pumped through the aperture (100 μm), 

where particles displace a volume of electrolyte and create voltage pulses which are processed 

through an analogue and a digital pulse processor converting them into data on cell 

concentration and volume in the sample. 

2.1.7 Chlorophyll a 

 

Samples for determining chlorophyll a concentrations were collected by 

filtering 8 ml of culture onto 13 mm diameter Whatman GF/F glass fibre filters 

(0.7 μm nominal pore size). They were filtered under a vacuum of 

approximately 10 inches of mercury  and were immediately flash frozen in 

liquid nitrogen and then stored at -80°C prior to analysis (within 6 months). 

For the analysis, the chlorophyll a was extracted from the sample filters (along 

with blanks – blank filters and blanks with media) in the dark with 10 ml of 

90% acetone in glass scintillation vials for 24 hours at 4°C and analyzed using 

the chlorophyll spectrophotometry acidification determination method 
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(Strickland et al., 1972; Aminot et al., 1999; Tada et al., 2004). The 

acidification method accounts for the chlorophyll derivatives. 8% HCl is added 

to the cuvette after each fluorescence reading and then measured again. The 

value of the acidified fluorescence reading is subtracted from the initial un-

acidified reading. Fluorescence of the samples was measured in a LS45 

Fluorescence Spectrometer (PerkinElmer, Waltham, USA). The excitation 

wavelength was 440 nm and the emission wavelength was 680 nm (Rebeiz 

2002). A series of 5 chlorophyll standards (from spinach, SIGMA product 

C5753) was used to create the calibration curve (0, 50, 100, 250, 500 µg/L). 

Chlorophyll a standards were measured in triplicate before and after 

acidification, like the samples, using calculations from SCOR (U.N.E.S.C.O 

1966) and Lorenzen (1967) methods. The linear regression from the calibration 

curve was used to calculate the concentration from absorbance.  

2.1.8 Particulate organic carbon and nitrogen  

Particulate organic carbon (POC) and particulate organic nitrogen (PON) were 

analyzed to allow for comparison with the Redfield ratio (the average 

molecular ratio of carbon, nitrogen and phosphorus in phytoplankton) 

(Redfield, 1934). Between 5 and 15 ml (30 ml for the light experiment) of 

culture was filtered for each sample replicate. The cultures were filtered under 

vacuum (10 inches of mercury) onto pre-ashed (4 – 6 hours at 450°C) 13 mm 

diameter Whatman GF/F filters. POC and PON are analyzed together using an 

Exeter 440 elemental CHN auto analyser (see section 2.8). The sample filters 

and blanks (blank filters and filters with media) were dried for approximately 

24 hours at 60°C before being sealed in a container and stored in the dark until 

they were analysed. The filters were not rinsed with distilled water or NaCl to 

remove inorganic carbon (Goldman et al., 1985; Keller et al., 1999; Menden-

Deuer et al., 2000; Collos et al., 2002; Sathyendranath et al., 2009). This was 

to avoid cell disruption which ultimately compensates for the small fraction of 

inorganic carbon content measured as POC (Collos, 2002). The absolute error 

from the POC correction from blank filters is 3.9 (or 6% relative error) and the 

absolute error from the POC correction from the media filters is 18.6 (or 29% 

relative error). To calculate the amount of organic carbon and nitrogen in the 
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samples, the CHN instrument was calibrated with acetanilide (C8H9NO) 

standards of known weight, as this substance has a similar C:N ratio (C:N = 8) 

to that of phytoplankton (C:N = 6.625 after Redfield 1934) (Nollet, 2007). 

2.1.9 Exeter CE440 Elemental CHN auto analyser 

 

The Exeter CE440 elemental analyzer uses combustion of weighted samples 

(usually between 1 – 3 mg) under static conditions in pure oxygen in order to 

analyse the organic and inorganic content of carbon, hydrogen and nitrogen 

within each sample. 

 

Figure 2.6 Schematic for the Exeter CE440 elemental analyser. (see below). IIT Bombay, 

2014. 

Helium carries the combusted products through the analytical system. Samples 

are combusted then transported to the prepacked column where the reagents 

ensure complete oxidation and by-product removal. The samples are carried to 

a mixing area for homogenization before entering the GC column for 

separation and a thermal conductivity detector where traps allow for 

differential signal readings. Through the analytical system, the combusted 

products are passed over reagents to assure complete oxidation and removal of 

by-products; here the oxidation process oxides the nitrogen and converts it to 

molecular nitrogen. This is then carried to a mixing area where it is 

homogenized under a specific temperature, pressure and volume and then 
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released into a thermal conductivity detector.  In the thermal conductivity 

detector, a differential signal can read water content before the thermal 

conductivity cells remove it and then again afterwards, this water concentration 

differential determines the amount of hydrogen present in the combustion 

products. A similar process occurs subsequently, where another set of 

differential signals measure the carbon dioxide content before and after the 

thermal conductivity detector traps and removes it, the differential 

measurements of the concentration of carbon dioxide before and after the 

secondary thermal conductivity cells perform, gives the determination of the 

carbon content of the combustion products. By this stage, all that remains is the 

nitrogen and the helium used to transport the combustion products.  This gas 

mixture then passes through another thermal conductivity cell and the output 

signal measured by the differential signal compares it with the reference cell 

through which only pure helium flows. Hence, determination of the nitrogen 

concentration can be determined. 

The analyzer was calibrated using pre-weighed (between 1600 –2000 μg) 

standards of acetanilide. Weights of acetanilide standards are used to generate 

K factors (calibration factors); the analyser generates a signal that is directly 

proportional to the compounds that are being analysed (in this case, C, 

hydrogen (H2) and N), so the following formula is employed by the Exeter 

analyser, where the K measurement is determined by the experimenter. 

Weight = 1/K * 1/W * (R-Z-B) * 100 

Where K is the calibration factor (acetanilide), W is the weight, R is the sample 

weight, Z is the zero reading of the instrument and B is the blank single 

generated by the instrument. The K factors of acetanilide for carbon are 

71.09%, 6.71% for hydrogen and 11.84% for nitrogen (Exeter CHN manual 

available at: http://www.eai1.com/ce440.htm).  

2.1.10 Particulate organic phosphorus 

 

Particulate organic phosphorus (POP) was analyzed to enable comparison 

against the Redfield ratio. Analysis was achieved using the persulfate wet 
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oxidation method (Suzumura, 2008 – as detailed below). Culture aliquots (5 – 

15 ml) were filtered under vacuum onto pre-ashed 25 mm diameter 0.7 μm 

pore size Whatman GF/F filters. The samples were stored at -20°C until 

analysis for no longer than 18 months. For the analysis, the filter samples, 

standards and blanks (filter blanks and filters with media) were placed into 50 

ml Duran borosilicate glass bottles with 18 ml of 3% K2S2O8 solution and 

autoclaved for 30 minutes at 120°C in order to hydrolyse the POP to 

orthophosphate (PO4). Once cooled, the acidity of the solution is reduced using 

Milli-Q © water. Then 10 ml of mixed reagent is added according to Strickland 

and Parsons (1972) (see below) and then measured using a colorimetric 

analysis method (Strickland and Parson, 1972) (see below). The measurement 

of the standards gave a linear regression that was used to calculate the 

orthophosphate concentration in the samples.   

2.1.10.1 Digestion protocol (Suzumura, 2008) 

 

Reagents required: 

 3% Potassium persulfate solution [K2S2O8] 

Prepare 3% persulfate solution to the required volume. 

Preparation and digestion: 

Prepare 50 ml Duran bottles washed in 10% Decon 90 © and rinsed thoroughly 

with Milli-Q © water. Add the dried GF/F filtered samples, blanks and 

standards (standards prepared according to Strickland and Parsons, 1972).  

Then dispense 18 ml of the 3% K2S2O8 solution and autoclave for 30 minutes 

at 120°C. 

Once the samples are cool, reduce the acid solution to <2% and increase the pH 

to >1.5 by adding 18 ml of Milli-Q © water.  

Add 10 ml of the mixed reagent according to Strickland and Parson (1972) (see 

below). Wait at least 10 minutes before measuring the absorbance but measure 

within two hours after the onset of mixing the samples with the mixed reagent.  

2.1.10.2 Colorimetric analysis method (Strickland and Parsons, 1972) 

 

Reagents required:  
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 Ammonium paramolybdate [(NH4)6Mo7O24] 

 Sulphuric acid [H2SO4] 

 Ascorbic acid [C6H8O6] 

 Potassium antimonyl-tartrate [K2Sb2(C4H2O6)2] 

 Anhydrous potassium dihydrogen phosphate [KH2PO4] 

Reagent preparation: 

 (NH4)6Mo7O24: Dissolve 15 g in 500 ml of Milli-Q © water. Store in a 

dark plastic bottle. This solution is stable indefinitely. 

 H2SO4:  Add 140 ml of concentrated acid to 900ml of Milli-Q © water. 

Allow to cool and store in a glass bottle. The solution is stable 

indefinitely.  

 C6H8O6: Dissolve 27 g in 500 ml of Milli-Q © water and store in the 

freezer in a plastic bottle. Thaw for use, and then refreeze. The solution 

is stable for many months but should not be kept at room temperature 

for longer than one week. 

 K2Sb2(C4H2O6)2: Dissolve 0.34 g in 250 ml of Milli-Q © water. Store 

in a glass or plastic bottle. The solution is stable for many months.  

Mixed reagent: Mix together in a dark glass bottle:  

 100 ml of NH4)6Mo7O24; 250 ml of H2SO4; 100 ml of C6H8O6 and 50 

ml of K2Sb2(C4H2O6)2. This solution will remain stable for 6 hours. 

Ensure that the samples are cooled to room temperature before adding 

the mixed reagent. Use 1/10 of mixed reagent:sample.  

 Stock solution (standard) KH2PO4: Dissolve 0.1361 g in Milli-Q © 

water – make final volume up to 1 litre. This equates to 1mM. This 

solution is stable for several months. 

2.1.10.3 Colorimetric determination procedure:  

 

Dilute the stock solution of the standard with 3% K2S2O8 to make known 

concentrations to use for the calibration curve. For example: 0, 0.025, 0.5, 0.1 

and 0.2 um. Digest these samples as above. 
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Measure the absorbance with a spectrometer at 885 nm. Calculate the 

concentration of the samples (Beer’s Law) by using the calibration curve of the 

known  concentrations.
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3 Chapter 3: Temperature effects on physiology 
 

3.1 Abstract 

The growth rates of ten members of the nanophytoplankton over five 

taxonomic classes as a function of temperature have been measured. Among 

the chlorophytes (n = 4), Pseudoscourfieldia cf. marina grew fastest at tropical 

temperatures (µmax = 0.94 d-1 at 30°C). The haptophytes (n = 4) were all largely 

consistent, all growing fastest in subtropical to tropical temperatures. Of the 

two remaining classes, the dinoflagellate (n = 1) had a temperature optimum of 

20°C, and the chrysophyte (n = 1) at 15°C. These were all largely consistent 

with optimal growth rates at subtropical to tropical temperatures. Eppley’s 

assumptions (1972) were statistically tested; his assumptions are that the 

response of a single species can be best described by an optimum function and 

that the mean community growth is better explained by an exponential fit. The 

nanophytoplankers measured here conform to the first but not the second of 

Eppley’s assumptions. Temperature dependent growth of all species measured 

separately and the community fitted to an optimum function.  

If Q10 values are used when considering members of the nanophytoplankton, 

with increasing climate change and warming of sea surface temperature (SST), 

they may be outcompeted by faster growing PFTs (or those with higher Q10 

values). It is assumed in the literature that growth rates increase exponentially 

(Q10) with temperature (Montagnes et al., 1994). Since nanophytoplankton 

does not follow the Eppley curve at warmer temperatures, the results may 

suggest that the Eppley assumptions cannot be used to describe 

nanophytoplankton or that these species are already distributed near to their 

geographical optima.  

3.2  Introduction 

With global climate change predicted to increase the sea surface temperature 

considerably, it becomes important to know how this will affect marine 



 

 

36 

 

organisms in order to predict future changes in marine ecosystems and 

ecosystem services.  

Temperature is a key determinant of algal physiology and its effect on algal 

biology is well documented (e.g. Eppley, 1972; Foy et al., 1976; Vogel, 1981; 

Raven et al., 1988). A considerable amount of laboratory research has been 

done on plankton cultures that are known to be key players in the 

biogeochemical cycle, in particular the carbon cycle (Montagnes et al., 2001; 

Buitenhuis et al., 2008; Claquin et al., 2008). More emphasis has been given to 

larger organisms such as diatoms (2 – 200 μm), dinoflagellates (5 – 2000 μm) 

and coccolithophores (2 – 20 μm), and less attention has been given to non-

calcifying members of the nanophytoplankton (2 – 20 μm) and the other 

smaller size class cultures such as picophytoplankton (< 2 μm) (Henson et al., 

2011). It is necessary to have physiological data on a wide range of plankton 

functional types (PFTs) in order to model the effects of climate change on 

ocean ecosystems (Le Quère et al., 2005). This is becoming more apparent 

since literature reviews are suggesting that ecosystem structure is probably 

more important than size or ballasting effects for the carbon cycle (Henson, 

2011; Francis et al., 2012) and that current regime shifts with changing climate 

are suggesting dominance towards smaller (eukaryotic) size classes 

(Beaugrand, 2004; Henson, 2011). However, this is not to suggest that 

temperature is the only, or the most important environmental factor affecting 

marine ecology.  

Eppley (1972) compiled the maximum growth rates of approximately 130 

species and strains between 2°C and 40°C and from this data set he suggested 

that: 

1) The temperature dependent maximum growth rates of single phytoplankton 

species fit best to an optimum function. 

2) The temperature dependent maximum growth rates of the whole 

phytoplankton community fit best to an exponential function.  

Eppley (1972) did not verify these assumptions statistically. Montagnes et al. 

(2003) showed that for individual species, a linear increase fitted better than an 
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exponential fit in the majority of cases. However, they did not test for an 

optimum function, nor did they test the whole phytoplankton community. 

Eppley estimated the maximum community growth but due to the high 

variability in physiological response of different PFTs to environmental 

conditions, PFT models need data from individual temperature parameters in 

order to more accurately determine their effects (Le Quéré et al., 2005). 

In an attempt to address the relative sparseness of data on nanophytoplankton, 

the growth rates of ten nanophytoplanker species at thirteen temperatures 

ranging from 0°C to 32°C was determined, the latter being the predicted 

maximum sea surface temperature by the end of the century under the RCP8.5 

scenario (Rayner et al., 2006; IPCC 2007). In addition, the cultures were 

sampled at these thirteen temperatures for cellular composition analysis; these 

results will be presented in Chapter 5. 

3.3 Materials & Methods 

3.3.1  Culture media  

 

See sections 2.1.1 and 2.1.2 for strains and media. The cultures were grown as 

45 ml batch cultures in 55 ml borosilicate glass (Pyrex Brand 9826) vials in the 

temperature gradient bar (TGB) and allowed to acclimate for two weeks. Each 

species was subcultured after one week of acclimation.  

3.3.2 Light and temperature  

 

Table 3.1 show light was maintained at 240 ± 21 μmol photons m-2 s-1 with a 

14:10 light:dark (LD) cycle. The light intensities were measured using a Scalar 

PAR (QSL2101 Light Biospherical Instrument, San Diego, USA). 

Temperatures were measured using a Grant ® Squirrel (Grant instruments 

1000 series). 

Table 3.1 Mean light and temperature measurements (± the standard deviation) in the 

temperature gradient bar. 
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Column 

Mean 

temperature °C 

Mean light intensity 

µmol photons m2 s-1 

1 3 ± 0.4 173 ± 13 

2 5 ± 0.6 210 ± 8 

3 8 ± 0.5 190 ± 9 

4 10 ± 0.3 210 ± 7 

5 12 ± 0.2 197 ± 11 

6 15 ± 0.3 184 ± 9 

7 17 ± 0.2 186 ± 9 

8 20 ± 0.2 256 ± 9 

9 22 ± 0.2 254 ± 7 

10 25 ± 0.3 241 ± 3 

11 27 ± 0.2 232 ± 8 

12 30 ± 0.2 345 ± 53 

13 32 ± 0.3 433 ± 24 

 

3.3.3 Cell composition sampling 

 

Samples for Chl, POC/PON and POP were taken at the end of the logarithmic 

growth phase. For analytical procedures see Chapter 2 (Sections 2.1.7; 2.1.8; 

2.1.10). 

3.3.4 Calculations and statistical analysis 

 

Growth rates (µ) as a function of temperature (T) were fitted to three equations: 

A linear fit (Lin) (Montagnes et al., 2001):  

Equation 3.1 μmax =  μmax, 0°C  + slope * T 

An exponential fit (Exp) (Bissinger et al., 2008):  

 

Equation 3.2 μmax =  μmax, 0°C  * Q10(T/10)  

And finally an optimal function (Opt) (Schoemann et al., 2005): 

 

Equation 3.3 μmax =  μmax =  μOpt * exp[-(T-Topt)
2/ dT2] 
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Where μmax, 0°C is the maximum growth rate at 0°C, Q10 is the increase in 

growth rate as a consequence of a 10°C increase in temperature, μOpt is the 

optimal growth rate, Topt  is the optimal temperature, and dT is half the width of 

the growth rate peak at µopt/e. 

Each parameter and its asymptotic error (A.S.E) was determined with a non-

linear model fitting function in SYSTAT. The goodness of fit was calculated 

using Akaike’s Information Criterion (AIC). The AIC calculates the trade-off 

between the goodness of fit of the model and the complexity of the model 

(Burnham et al., 2004; Buitenhuis et al, 2008): 

Equation 3.4 AIC = nobs Log (σ2) + 2nparam  

Where nobs is the number of observations σ2 = 1/ (nobs - nparam) * ∑ (μobs – μfit) 

and nparam is the number of parameters (i.e. the complexity of the model), μobs is 

the growth rate of each species at each temperature and μfit is the modeled fit to 

each of the above three equations (linear, exponential and optimal function). 

The best fit returns the lowest AIC value (including negative values) and the 

AIC for each fit is said to be significantly different if the difference between 

each one is greater than 2 (Burnham et al., 1998). 

The μopt for all ten species was fit to the following equation (Sarthou et al., 

2005):  

Equation 3.5 μopt = x* (v y)  

Where v is cell volume. 

The data were also compared to Eppley (Eppley equation converted into d-1):  

Equation 3.6 μ = 0.59 * 1.89 (T/10) 

The upper 99% quantile was estimated using the quantreg function in the 

software R © Version 3.1.0.  

Statistical analyses were conducted in Sigmaplot © version 12. 

3.3.5  Temperature gradient bar 
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The temperature gradient bar is an insulated zinc-plated steel device that was 

cooled at one end and heated at the other in order to generate a temperature 

gradient (Figure 3.1). It housed five rows and thirteen columns of wells and 

therefore could maintain sixty five cultures. The heated end comprised four 

thermostatically controlled heating pads (Omegalux SRFG-204/10-P) and the 

cold end was achieved with water mixed with antifreeze, circulated and 

thermostatically controlled with a refrigerated circulator (Haake DC50-K50). 

Each well was lit from below with an ultrabright LED (Winger WEPW1-S1 

1W, 95 Lumen, white). The bar was insulated at the sides and top. A glass 

plate at the base of the TGB decreases condensation of water at the cold end of 

the TGB due to the temperature differential. 

 

Figure 3.1 Photograph of the temperature gradient bar. The right end of the TGB is cooled by a 

water cooler, and the left end is heated. The insulated lid is not shown.  

3.4  Results 

3.4.1  Growth rates 

 

Growth rate as a function of temperature was measured for ten species of 

nanophytoplankton. The first five cultures (1348, 1448, 261, 661 and 647) 
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were grown in f/2 media (Guillard, 1975; Guillard et al., 1962) and the second 

five (1406, 905, 916, 21 and 91) were grown in ESAW medium (Harrison et 

al., 1980; both available at: https://ncma.bigelow.org/). ESAW was chosen so 

that the fluctuations of trace constituents could be controlled. A comparison of 

the two media was conducted for the five species grown in ESAW at their 

optimum temperatures, which showed no significant differences (Student’s T-

test, n = 3, P = > 0.05, Table 3.2).  

Table 3.2 growth rates at Topt for cultures grown in ESAW as well as f/2 media. 

Species RCC 

number 

1348 1448 905 261 661 

Mean μ at Topt 

for f/2 

0.73 ± 0.14 0.46 ± 0.23 0.58 ± 0.24 0.90 ± 0.18 0.59 ± 0.25 

Mean μ at Topt 

for ESAW 

0.26 ± 0.10 0.52 ± 0.06 0.79 ± 0.83 0.72 ± 0.10 0.26  ± 0.01 

P value 0.077 0.561 0.556 0.062 0.240 

 

https://ncma.bigelow.org/
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Figure 3.2 Mean growth rates of ten nanophytoplankton species as a function of temperature 

with standard error bars.  

Nanophytoplanker growth rates increase with increasing temperature (Figure 

3.2) up to maxima (μOpt) at their temperature optima (Topt) where the growth 

rates begin to decrease with increasing temperature. Of the haptophytes, I. 

galbana showed growth across the larger temperature range (8 – 32°C), and. P. 

calathiferum across the smallest range (17 – 30°C). Of the chlorophytes, C. 

stigmatophora showed growth across the largest temperature range (3 – 32°C), 

and P. coloniale across the smallest range (20 – 32°C). The two species with 

the largest average cell volume (the chrysophyte at 84 μm3/cell and the 

dinoflagellate at 258 μm3/cell) showed the slowest growth rates (µmax < 0.5 d-1 

vs.µopt = 0.90 for P. marina).  
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The observed positive growth rates were fitted to three equations for growth 

rate as a function of temperature (linear, exponential and optimal function). 

The parameters for each of the fits can be seen in Table 3.3. The optimum 

function model did predict the broadest temperature range for growth (dT = 

17.4) for P. calathiferum despite it being one of three species showing a low 

growth range (growth over 6 temperatures – mean is 9). This is because of the 

large standard error for this species. The species with the largest observed 

range of growth over the recorded temperatures was C. stigmatophora which 

showed the second broadest predicted temperature range (dT = 16.4). 

The model best fit (Table 3.3) was the optimum function. The mean absolute 

observations were compared to that of the optimum function by calculating the 

error with the average error from the replicates. The optimum function showed 

a 22% deviation from the observations.   

Table 3.3 model parameter fits (equations 3.1 – 3.3) and the AIC values (equation 3.4) fitted 

through the data sets (n = 92). The best model fit is indicated in red.  
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Linear 

 

Exponential  Optimum function 

   

AIC 

Species n 

µ max, 

0 °C slope µ max, 0 °C Q10 

µ opt (d-

1) 

T opt 

(°C) dT (°C) Lin Exp Opt 

I. galbana 11 0.285 0.011 0.100 1.800 0.726 21.919 11.96 ± 1 -11.8 -8.0 -17.8 

P. calathiferum 6 0.300 0.002 0.300 1.043 0.502 24.240   17.4 ± 6 -5.7 -5.0 -10.6 

I. rotunda 7 0.120 0.014 0.120 1.276 0.611 19.386 10.3 ± 2 -6.0 -2.0 -9.7 

P. gayraliae 9 0.100 0.005 0.100 1.440 0.444 17.856 13.6 ± 3 -7.9 -8.0 -14.8 

P. coloniale 6 0.100 0.010 0.100 1.260 0.441 25.398 8.1 ± 1 -6.9 -3.8 -9.3 

C. stigmatophora 13 0.327 0.009 0.368 1.166 0.653 20.309 16.4 ± 2 -18.0 -17.6 -23.6 

P. marina 11 0.131 0.023 0.310 1.375 0.902 24.398 11.9 ± 2 -10.6 -9.9 -13.9 

O. distigma 12 0.285 0.002 0.293 1.047 0.442 18.936 13.9 ± 2 -18.1 -18.1 -23.3 

M. pusilla 11 -0.024 0.030 0.186 1.681 0.783 25.451 13.6 ± 2 -17.1 -14.8 -19.8 

S. trochoidea 6 -0.054 0.020 0.119 1.691 0.441 21.174 8.2 ± 1 -8.6 -8.1 -10.3 

     

Table 3.4 model parameter fits (equations 3.1 – 3.3) and the AIC values (equation 3.4) fitted through the data sets (n = 92 and n = 439). The 

best model fit is indicated in red. 

           

            

 

Linear Exponential  

Optimum 

function 

    

AIC 

n = 

µ 

max, 

0 °C A.S.E slope A.S.E 

µ 

max, 

0 °C A.S.E Q10 A.S.E 

µ opt 

(d-1) A.S.E 

Topt 

(°C

) A.S.E 

dT 

(°C) A.S.E Lin Exp Opt 

92 0.25 0.051 0.010 0.002 0.45 0.035 1.06 0.035 0.56 0.025 22.4 0.823 15.5 1.50 -131.40 -125.441 -142.014 

439 0.42 0.030 0.005 0.001 0.429 0.026 1.09 0.03 0.57 0.018 21.4 1.020 23.8 2.71 -523.77 -523.328 -529.941 
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Figure 3.3 shows that there is no relationship between Topt and isolation latitude (P = 0.06.  

The two species with the narrowest growth width were of the most tropical isolates coming 

from an isolation latitude of 8°20’S and 14°64’N respectively (Table 2.1). There is a 

statistically significant relationship between dT and isolation latitude (P = 0.008) however, 

none of the results from the dT parameter were statistically significantly different from one 

another across the range of species (Student’s T-test, P = > 0.05; n = 10).  There is no 

significant difference between mean optimum growth temperatures (Topt = a ± b, P = 0.53) or 

the optimum growth rates (µopt = a ± b, P = 0.5).  

 

Figure 3.3 Tmax, Topt and Tmin vs. isolation latitude. The haptophytes are represented by filled circles. The 

chlorophytes are represented by filled squares, the chrysophyte is represented by filled diamonds and the 

dinoflagellate is represented by an up facing filled triangle. Blue shows Tmax, green shows Topt, red shows Tmin 

and black shows dT. Topt was taken from the optimal fit. Tmin and Tmax were taken as the last observations with 

positive growth rates. The line is the zonally averaged sea surface temperature (SST) from the World Ocean 

Atlas, 2009 (NOAA, 2009).  

The AIC values clearly indicate that for all the data (presented as individual species or 

collectively as a PFT) the optimal function is consistently better (more negative) (Table 3.3). 

For the dinoflagellate S. trochoidea the linear model was not significantly worse than the 
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optimum function. The linear and the exponential models have similar results (ΔAIC < 2) for 

60% of the species (P. calathiferum, P. gayraliae, C. stigmatophora, P. marina, O. distigma 

and S. trochoidea). In the other species the exponential model gave the worst fit. 

 

Figure 3.4 Observed mean growth rates of all the species (n = 92) (dots) with standard error bars, fitted with the 

three equations for measuring growth rate as a function of temperature. Linear – straight lines; exponential – 

long dash and optimal function – short dash.  

Figure 3.4 shows the three model equations fitted to the mean growth rates of all species (n = 

92). The optimum function is the best fit (AIC = -142) compared to the fits for the linear and 

exponential models (AIC = -131 and AIC = -126 respectively).  
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Figure 3.5 Observed growth rates of all the species (n = 438) (dots) fitted with the three equations for measuring 

growth rate as a function of temperature. Linear – straight lines; exponential – long dash and optimal function – 

short dash.  

Figure 3.5 shows the three model equations fitted to the entire data set (n = 438). The 

optimum function is the best fit (AIC = -530) than both the linear and exponential models 

(AIC = -524 and AIC = -523 respectively).   

3.4.2 PFT comparison  

 

Table 3.5 Regression coefficients with their standard errors for the log transformed growth rate data for a linear 

99% quantile. 

 Intercept    Standard   Slope  Standard    

                     Error                     Error 
 

Nanophytoplankton -0.076           0.19       -0.403     0.69  

 

The 99% quantile regression for all nanophytoplankers (n = 438) gives a low Q10 of 1.1 

(Equation 3.6). The average Q10 for the individual nanophytoplanker species was 1.68 ± 0.5 

(n = 10). A few species showed much lower Q10 values (P. gayraliae with a Q10 of 0.87 and 

P. coloniale at 0.95).  

Equation 3.7 μNano = 0.93 * 1.1 (T/10)   
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Figure 3.6 Nanophytoplankton best community fit (optimum function) (pink) compared to exponential best fits 

from other PFTs (through the data). In size order - diatoms (Chollet, 2013); coccolithophores (Heinle, 2014); 

coccolithophores (Buitenhuis et al., 2008); picophytoplankton (Stawiarski, 2014). The orange line is the 

comparison to the 99% quantile from Bissinger et al., 2008.  

Figure 3.6 shows 99% quantiles for several PFTs. Picophytoplankton have low maximum 

growth rates at lower temperatures up until approximately 23°C where their growth rates are 

much higher than all other PFTs except for the diatoms. Picophytoplankton are well adapted 

to higher temperatures. Diatoms have higher growth rates at all temperatures, possibly 

because they uniquely have vacuoles for energetic storage and to increase their surface to 

cytoplasm volume ratio. The coccolithophores (Heinle, 2013 and Buitenhuis et al., 2008) and 

the nanophytoplankton all have similar growth rates up until approximately 20°C. The plot 

shows PFT data compared to the 99% quantile from the Bissinger paper (Bissinger et al., 

2008). This database has all these PFTs (as well as more) and includes a database of 1501 

observations. The Bissinger curve is actually higher that the Eppley curve for all measured 

temperatures (Bissinger et al., 2008). For temperatures below 19°C, the Eppley curve falls 
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below the 95% confidence internal of the Bissinger curve. The Q10 value from the Bissinger 

curve is actually exactly the same as the estimate from Eppley (1.88) (Eppley, 1972); 

therefore they conclude that it supports the use of models that incorporate Q10 estimates of 

phytoplankton growth-rate response to temperature change (Bissinger et al., 2008), but 

presumably only for larger databases.  

 

Figure 3.7 Nanophytoplankton best community fit (optimum function) (pink) compared to exponential best fits 

from other PFTs (through the data). The green line is the Eppley fit (1972). 

When Figure 3.7 is compared with Figure 3.6 it can be seen that the Bissinger et al., 2008 fit 

is not realistic when compared to the empirical data for this smaller data base. Growth rate 

estimates are 36% higher in the Bissinger fit compared to Eppley. Moreover, the Eppley fit is 

also not realistic when compared to the empirical data for these PFTs. Collectively, these 

PFTs differ from Eppley by 63% and differ from Bissinger by 73%. 

3.4.3 Cell volume 
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At low rates of growth literature reviews state phytoplankton has more time and energetic 

resources to build up biomass; this is generally reflected in their cell volume (Brown et al., 

2004). A regression analysis was performed with 30% of the tested nanophytoplankers having 

a statistically significant inverse relationship of cell volume vs. temperature dependent growth 

rate (Figure 3.8). For I. galbana – r2 = 0.92, P. gayraliae – r2 = 0.91 and O. distigma – r2 = 

0.99.  

 

Figure 3.8 30% of nanophytoplankers showing an inverse relationship between cell volumes vs. temperature 

dependent growth rates. Haptophytes are in circles. Chlorophytes are in squares. The chrysophyte (O. distigma) 

is a cyan diamond. The r2 value is shown in the legend. 

On an individual level members of the nanophytoplankton show exceptions; 30% of 

nanophytoplankers tested (P. marina – r2 = 0.99, S. trochoidea – r2 = 0.99 and C. 

stigmatophora – r2 = 0.94) show a statistically significant relationship between temperature 

dependent cell volume and growth rate (Figure 3.9). The other 40% either showed a weak 

relationship, or no statistical significance.  
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Figure 3.9 30% of nanophytoplankers showing a statistically significant relationship between cell volumes and 

temperature dependent growth rates. Chlorophytes are in squares. The grey triangle (S. trochoidea) is the 

dinoflagellate. The r2 value is shown in the legend.  

Between different species, cause and effect run the other way, and there is an expected 

inverse relationship in the literature of growth rate with cell volume. Large cells have a lower 

surface to volume ratio, which leads to lower volume specific nutrient uptake rates. Figure 

3.10 shows the optimum growth rate μopt decreases as a function of the cell volume. The fit to 

Equation 3.5 shows a relatively small dependence on cell volume with an exponent of -0.095 

(vs. -0.13 Sarthou et al., 2005 and -0.32 Buitenhuis et al., 2008).  
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Figure 3.10 Mean optimum growth rate as a function of cell volume for all species. The line is fitted to equation 

3.5:μmax = 0.85 * (v^-0.095).  

3.5 Discussion 

3.5.1 The temperature dependent maximum growth rates of single 

nanophytoplankton species fit best to an optimum function 

 

For all ten nanophytoplankton species the optimum function gives the best fit. Only for S. 

trochoidea was there also significant support for the linear equation. This is consistent with 

Eppley’s assumption that for individual species the best way to describe the relationship 

between maximum growth rate and temperature is with optimum growth rates, optimum 

temperature and temperature tolerance ranges (Versteegh et al., 2001; Zhu et al., 1997; 

Molina Grima et al., 1994). Most of the temperature dependant growth rates determined here 

are for novel species apart from data for M. pusilla (Mc Rose, 2008) which shows the growth 
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rates of three (other) strains with 0.5-0.7 d-1 0.2 at 12ºC; 0.5-1 0.5 d-1 at 18ºC and 0.5-1.2 0.7 

d-1 at 21ºC. These results are in good agreement with the growth rate results shown here (0.5 

d-1 for 17ºC and 0.84 d-1 for 20ºC); with the exception of the growth at 12ºC which was 

slighter lower at 0.33 d-1.  

In order to draw the conclusion that the optimal function shows the best fit to this data set one 

must be sure that the maximum growth rate data are reliable. The standard coefficients for all 

the mean maximum growth rates are always within 2% (n = 1) and more often within 1% (n = 

91). Additionally, the standard errors were generally low with the highest being 0.09 and the 

lowest being 0.002. Growth rates used an average of five replications per culture (n = 22) and 

with a minimum of two replicates (n = 6) and a maximum of eight replicates (n = 2). Taken 

collectively this suggests that the maximum growth rates used in this data set are reliable and 

that the best fits to the optimal function are justified (22% deviation from observations). 

However, the relatively invariant growth rates near the optimum temperatures for some of the 

cultures suggest it is likely that deviations out with the Topt lead to deviations of growth rate. 

It may be possible that these could have been light limited rather than temperature limited, 

since all of the cultures were grown at the same light intensity (240 ± 21 μmol photons m-2 s-

1). It is therefore possible that in some of the cultures with a preference for high light 

conditions the optimum growth rate may have been underestimated.  

3.5.2 Temperature dependent maximum growth rates of a nanophytoplankton 

PFT fit best to an optimum function 

 

Table 3.3 shows reasonable results for the optimum function compared to the empirical 

results for its parameter estimates. The μmax, 0°C estimates are really high for both the linear 

and the exponential fits and for both the mean and entire data sets (n= 92 and n= 438 

respectively), while the Q10 values for the exponential equation are low, presumably because 

the Q10 is inhibited by values above the Topt. This could prove difficult for biogeochemical 

modelling, since this is one of the parameters calculated for temperature response in PFTs.  

Where the use of the Q10 value assumes that of an Arrhenius relationship of temperature 

dependent reaction rates – a generalization is that for common chemical reactions at room 

temperature, the reaction rate doubles for every 10°C rise in temperature (Berges et al., 

2002). The relationship between rates of chemical reactions and temperature therefore 

assumes chemical kinetics control the observations; as such, biological processes are 
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expected to have a Q10 near to 2. Unlike the exponential equation, the steepness of the 

Arrhenius equation is controlled by the activation energy (which varies between chemical 

reactions) that may limit growth and Q10 values may be higher than those of an exponential 

equation. A literature review has revealed that the Q10 value for the maximum specific growth 

rate (µmax) for algal cultures grown in nutrient replete cultures with optimal growth 

temperatures between 5 and 40˚C is 1.88 (Eppley 1972). However, this value is often a lot 

higher in nutrient limited continuous cultures (Raven et al., 1988). Cultures grown at sub 

optimal temperatures also tend to show a Q10 value in excess of 1.88 (Raven et al., 1988). 

The optimum fit for nanophytoplankton as a whole is in contrast with the Eppley whole 

community function. These results are in agreement with the results for coccolithophores in 

Heinle (2013), but in contrast to the results for coccolithophores in Buitenhuis et al. (2008) 

and for picophytoplankton in Stawiarski (2014). In diatoms there was about equal support for 

the optimum and exponential functions (Chollet, 2013). The contrast to the Buitenhuis et al. 

(2008) results could have been because the Buitenhuis study was conducted only to a 

maximum temperature of 25°C. 

Eppley suggested that phytoplankton assemblages could be defined by an exponential 

relationship even though individual species better fit to an optimum function (Eppley, 1972). 

Since this time, this exponential relationship has been used widely in biogeochemical 

modelling. Other researchers have suggested that other relationships may be best suited to 

represent the general relationship of temperature dependent growth rates. For example, Raven 

et al., (1988) and Montagnes et al., (2001) suggested a linear relationship; and Schoemann et 

al., 2005 suggested an optimum function. For some PFTs, studies have shown a more linear 

increase in growth rate with increasing temperature, but over a narrower range of 

temperatures (Sorrosa et al. 2005, Schouten et al., 2006, Sarthou et al., 2005). Buitenhuis et 

al., (2008) determined which growth fit would best represent the temperature dependent 

growth rates in coccolithophores. All three fits were compared (exponential, linear and 

optimum function) and the study found that the exponential and the linear fits best reproduced 

the results from empirically derived data on coccolithophores. Chollet (2013) found no 

difference between the optimum function and the exponential fit to a large (> 648) database 

of diatoms. Heinle (2014) found that the optimum function fit best to cocolithophore growth 

rates whereas Stawiarski (2014) found that the exponential function fit best for 

picophytoplankton growth rates.  
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Further to the work of Eppley, Bissinger (2008) used a 99% quantile regression to determine 

maximum community growth rates. The Q10 estimates from the quantile regression is quite 

low (1.1). Nanophytoplankton is often characterized as a mixed group – non-calcifying and 

non-silicifying, and due to its smaller cell size compared to many diatoms and dinoflagellates 

its growth rates might be expected to be relatively high. However, the experimental results do 

not support this expectation, and overall growth rates for nanophytoplankton is substantially 

lower than diatom growth rates and comparable to those of other PFTs. Between 3 – 12°C 

there is a good fit to Eppley, but above the 12°C temperature range there is no longer an 

observed steep increase in growth rate with increasing temperature. So, for the 

nanophytoplankton PFT here, they may compete well at lower temperatures, but be 

outcompeted above and beyond 12°C – this makes for an interesting observation when 

compared to the temperature dependent niche for this PFT based on latitude and expected 

SST with current climate change. However, given a larger data set the nanophytoplankton 

PFT may show a better fit to Eppley above 12°C. The paper from Bissinger et al., (2008) uses 

a dataset of > 1500, including nanophytoplankers. The results from this paper show that the 

99% quantile best fits to an exponential fit, in line with the Eppley assumptions for 

community growth (Figure 3.6).  

3.5.3 The temperature dependent cell volume of nanophytoplankers shows a 

positive or weak relationship to growth rate 

 

There is a statistically significant positive trend between temperature and cell volume (except 

for three species which show an inverse relationship). The general trend is an increase in cell 

volume with decreasing growth rate. Figure 3.10 shows a relatively small dependence of 

growth rate on cell volume with an exponent of -0.095. In the literature, the general 

expectation is an inverse relationship of cell volume to growth rate; at low temperatures 

species tend to grow more slowly allowing time to build up biomass reflected as larger cell 

volumes. Larger cells tend to show a decrease in µ at any given temperature. This is not the 

case for nanophytoplankton, there is a weak relationship between temperature and cell 

volume. 

3.5.4 Implications for future distribution with climate change  
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Overall, nanophytoplankton shows a relatively wide range of growth temperatures, but the 

individual species here, generally struggle to grow below 8°C. The chlorophytes have a mean 

optimum growth rate at 24°C; the haptophytes have a mean optimum growth rate at 21°C and 

collectively the mean optimum growth rate for all the nanophytoplankers in this thesis is 

21°C, suggesting a temperate to sub-tropical distribution.  

With regard to temperature dependent growth and average sea surface temperature with 

climate change, Figure 3.3 demonstrates no relationship between temperature dependent 

growth rates and isolation latitude, and that for their relative isolation latitude the high 

latitude northerly isolates 661, 1406, 1348, 647 (Table 2.1) have their Topt well outside the 

SST estimates and their Tmin are dangerously close to the line. To an extent, the calculated 

Tmax values are irrelevant since the maximum predicted temperature range are well above 

what would happen in nature. Algae tend to grow well below their Topt because there is such a 

big decrease in growth rate above Topt, and with temperature variations this margin allows for 

interspecific competition (Eppley, 1973). As seen from Figure 3.2 and confirmed from 

literature reviews there would be a decreasing growth rate with decreasing temperature, above 

and below the optimum temperature probably due to resource reallocation (Raven et al., 

1988; Eppley, 1972) and that individual species tend to grow at their highest growth rates rate 

(µmax) under optimal conditions (Eppley, 1972), which would suggest that PFTs subject to 

SST near to their optima would struggle to maintain a niche when other factors such as 

competition are factored in.  

3.6 Conclusions 

Nanophytoplankton follows an optimum function at both species and PFT level – the latter 

contradicting Eppley’s (1972) assumptions. The Q10 value is also much lower than Eppley. 

Therefore for nanophytoplankton – optimum growth rates, optimum temperature and 

temperature tolerance ranges are the best parameters to identify nanophytoplankton 

temperature dependent physiological responses. This is in contrast to the use of the Q10 and 

µmax0 for biogeochemical modelling (parameters to describe PFTs). 

The increase in global SST with increasing climate change may have a negative effect on 

nanophytoplankton, especially for those geographically distributed close to their Topt. With 

global warming existing temperature niches will likely move north, and newly created niches 

in the tropics might not be suitable for nanophytoplankton. Although there was no 



 

 

57 

 

relationship between optimum growth rate and optimum temperature, there was a statistically 

significant relationship between dT and isolation latitude (P = 0.008). From Figure 3.6 it can 

be seen that members of the nanophytoplankton are not well adapted to higher temperatures 

and therefore are likely to be outcompeted by other phytoplankton. While there is no 

relationship between Topt and isolation latitude there is a relationship between dT and 

isolation latitude. However, a caveat of this conclusion is that only ten nanophytoplanker 

species were tested. Further data are required for a more accurate overview of 

nanophytoplankton physiology. 
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4  Chapter 4: Light effects on physiology 
 

4.1 Abstract 

The acclimated and dynamic responses of five species from two classes of 

nanophytoplankton to various light intensities were measured. Using a dynamic 

photosynthesis model five phytophysiological parameters were derived 

including the maximum photosynthesis rate (𝑃𝑚
𝐶 ,), respiration rate (resp), the 

initial slope of the line (achl), light inhibition ( 𝛽𝑐ℎ𝑙 ) and the maximum 

chlorophyll to carbon ratio (θmax). The first four parameters were also defined 

directly from curve fits to the (photosynthesis vs. irradiance) PE curves.  

The parameters from the two methods are comparable for 𝑃𝑚
𝐶 , resp and θmax but 

show significant differences for 𝛼𝑐ℎ𝑙 and 𝛽𝑐ℎ𝑙.  

The photoinhibition was significantly lower for the haptophytes than for the 

chlorophytes (P = 0.002). The maximum carbon-specific rate of photosynthesis 

is similar for chlorophytes and haptophytes (𝑃𝑚
𝐶  = 2.66 d-1 vs. 1.15 d-1), with no 

significant difference between them. The initial slope of  𝛼𝑐ℎ𝑙  from the 

photosynthesis vs. irradiance curve is similar for the chlorophytes and 

haptophytes (8.6 g C m2 (mol photons g Chl a)-1 vs. 5.84 g C m2 (mol photons 

g Chl a)-1). Respiration rates are also similar for the chlorophytes and 

haptophytes (0.5 d-1 vs. 0.23 d-1). There is no difference between θmax for the 

two groups.  

4.2 Introduction 

Light is an important limiting factor for photosynthesis, and the relationship 

between light intensity and photosynthesis has been described for a number of 

species comprising various PFTs, resulting in empirically derived relationships 

between these quantities (Ryther, 1956; Jassby et al., 1976; Falkowski, 1981).  
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The physiological relationship between these parameters (photoacclimation) is 

determined using photosynthesis (P) vs. irradiance (E) curves (PE curves). PE 

curves increase asymptotically from oxygen consumption in the absence of 

light (respiration), to a light saturated maximum production level (𝑃𝑚
𝐶). Under 

light-limited conditions, the initial slope of the curve (αchl) indicates the affinity 

for light which is dependent on the Chl a:C ratio (θ) (Geider et al., 1998). The 

Chl a:C ratio reaches a maximum at low light (θmax). Above the point where 

light saturation is reached (Iopt), the photosynthesis rate is reduced by a light 

inhibition parameter (βchll) (Platt et al., 1980). These parameters are species-

specific (Table 4.1). 

Table 4.1 Photosynthetic model parameters. 

 

Parameter 

 

Definition 

 

Unit 

𝛼𝑐ℎ𝑙 Chlorophyll specific initial slope of the 

photosynthesis vs. irradiance curve  

 

g C g-1 Chl a m² mol-1 photons 

(m2 = metres squared) 

𝛽𝐶ℎ𝑙  Chlorophyll specific light 

inhibition parameter 

g C g-1 Chl a m² mol-1 photons 

𝑃𝑚
𝐶  Carbon specific maximum rate of 

photosynthesis 

d-1 

𝑃𝐶  Carbon specific instantaneous rate of 

photosynthesis 

d-1 

𝑟𝑒𝑠𝑝 Respiration rate d-1 

Θ Chlorophyll: carbon ratio g Chl a g-1 C 

θmax Maximum chlorophyll: carbon ratio g Chl a g-1 C 

µmax Maximum growth rate d-1 

Iopt Light intensity of growth saturation µmol photons m-²s-1 

 

Photoacclimation is the description of phytoplankton physiological responses 

to variations in irradiance and is expressed by changes in pigment content and 

elemental composition (Suggett et al., 2007). There are two types of 

photoacclimation (short and long term). This chapter will only deal with long 

term photoacclimation, which occurs on timescales of hours to days, and 

involves chlorophyll synthesis changes, growth rate changes and changes in 
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elemental composition (Geider, 1993). Modeling this process is essential to 

understand algae productivity as a function of irradiance in relation to net 

primary productivity (NPP).   

4.2.1 Optimum cell volume and the package effect 

 

Cell volume is thought to be an adaptive trait under some environmental 

conditions (Verdy et al., 2009); but obviously algae are restricted to how much 

their cell size can vary based on their allometry. Literature is often divided as 

to whether small size, or large size cells are optimal; for example, it is 

generally understood that small cells should dominate under steady state 

conditions and in the absence of grazing pressures (Verdy et al., 2009); and 

that scaling dictates that the best evolutionary strategy is to minimize cell 

volumes to maximize surface to volume ratio and reduce sinking loss (Raven, 

1998; Verdy et al., 2009). Growth and grazing rates are thought to decrease 

with increasing size in most PFTs (Hansen et al., 1997; Verdy et al., 2009), but 

picophytoplankton seem to follow different patterns (Raven, 1994). 

Carbon-specific rates of photosynthesis are thought to peak at intermediate cell 

sizes. Larger cells need larger Chl a:C due to the package effect (Nelson et al., 

1993; Finkel et al., 2000) which makes chlorophyll less effective in larger 

cells. This package effect implies that with a constant ratio of chlorophyll 

molecules to volume, each chlorophyll molecule has less chance of absorbing 

light in a larger cell than in a smaller cell (Nelson et al., 1993; Finkel et al., 

2000). The package effect modifies the size-scaling of light-limited metabolic 

rates by changing carbon-specific photosynthetic efficiency (Finkel et al., 

2001) An increase in cell size and/or cellular pigment concentrations (e.g. 

chlorophyll a) can result in a decrease in photosynthetic efficiency. 

4.2.2 Mixed layer 

 

Physical factors (e.g. temperature and light availability) can limit primary 

production. The mixed layer is the homogenous upper sunlit layers that are 

well mixed by wind turbulence. Due to their small size, phytoplankton is mixed 

and transported by water movements within the mixed layer. With increases in 



 

 

61 

 

temperature and a consequent increase in stratification, the maximum depth to 

which the phytoplankton is mixed gets shallower and thus the mean light 

intensity available to the phytoplankton increases (Huisman et al., 2004; 

Sommer et al., 2008).  

Optimum cell volumes can vary with the mixed layer depth. Net growth rates 

of cells larger than 105 are largely determined by sinking losses. Phytoplankton 

cells smaller than 104 have a trade-off between production efficiency and 

respiration. When the mixed layer depth is shallower and light intensity is 

higher, production efficiency increases, and respiratory losses are less 

important. Under these conditions maximum growth rates occur at smaller cell 

sizes (Laws, 2000). 

4.2.3 Chlorophyll a:Carbon ratios 

 

Chlorophyll pigment content decreases in the presence of higher light 

intensities. This is because at low light, more chlorophyll is required in order to 

achieve the same level of photosynthetic activity as at a high light intensity, 

while at high light chlorophyll content is reduced, initially this is a reallocation 

of resources, while at higher light it is to prevent excess light from being 

harvested and reduce the potential for photo inhibitory damage at high light 

(Geider, 1987; Raven et al., 1988). This generalization should be easily seen 

when one analyses the elemental stoichiometry of chlorophyll a to (particulate 

organic) carbon. Higher ratios should indicate phytoplankton physiological 

acclimation to low light intensities and the inverse to high light intensities.  

Phytoplankton physiological states have often been assessed by analysing the 

carbon:chlorophyll a ratio which changes with temperature, light intensity and 

nutrient availability (Armstrong, 2006; Behrenfeld et al., 2002, 2005; Geider et 

al., 1996, 1997, 1998). The Chl a:C ratio has been shown to increase 

exponentially with increased temperature at constant light (Raven et al., 1988). 

The Chl a:C decreases linearly with increasing light intensity at constant 

temperature (Geider, 1986) supporting the general theory for phytoplankton 

that more chlorophyll is produced at low light intensity to take full advantage 

of the light that is available (MacIntyre et al. 2002). 
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4.3 Materials & Methods 

4.3.1 Cultures and media 

 

Five species were used from the Roscoff Culture Collection (RCC) 

http://www.sb-roscoff.fr/Phyto/RCC/. These included three haptophytes: RCC 

1348 Isochrysis galbana; RCC 1448 Prymnesium calathiferum; and RCC 905 

Imantonia rotunda; and two chlorophytes: RCC 261 Pseudoscourfieldia cf. 

marina and RCC 661 Chlorella stigmataphora. All of the cultures were 

unialgal but probably not axenic.   

The cultures were maintained as batch cultures in ~ 200 ml of media in 500 ml 

Erlenmeyer glass flasks in a Sanyo MLR-351 Versatile Environmental Test 

Chamber and allowed to acclimate for two weeks (or  longer for slower 

growers to achieve at least 5 divisions). Fresh medium was given after one 

week of acclimation. All cultures were grown in nutrient replete Enriched 

Seawater Artificial Medium (ESAW) (Harrison et al., 1980; Berges et al., 

2000; available at: https://ncma.bigelow.org/). The incubator was maintained at 

20°C ± 0.05. The temperature was confirmed with a Grant ® Squirrel (Grant 

instruments 1000 series).  

4.3.2 Light  

 

Cultures were grown in a 14:10 light:dark (LD) cycle. The light source was 

from fluorescent tubes (Mitusbishi/Osram FC40ss. W/37).  Each species was 

incubated at five different light intensities within the same incubator. The 

variations of the light intensity were achieved by using Lee 0.3 neutral density 

light filters (Viking Stage Lighting, Norwich, UK). Light intensities were 

measured using a Scalar PAR (QSL2101 Light Biospherical Instrument, San 

Diego, USA). The light intensities were 430, 260, 125, 30 and 15 μmol photons 

m-2 s-1 (Table 4.2). Growth rates were measured at each light intensity (see 

section 3.3.3). 

Table 4.1 Light intensities in the cultures. 

Filters 0.3 neutral Mean light intensity 

http://www.sb-roscoff.fr/Phyto/RCC/
https://ncma.bigelow.org/
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density µmol photons m2/s-1 

Full light 430 ± 1.7 

1 layer 260 ± 2.3 

2 layers 125 ± 1.8 

         4 layers 30 ± 0.3  

         5 layers 15 ± 0.3 

 

4.3.3  Oxygraph, PE curves and analysis 

 

Instantaneous photosynthetic activity was measured during the exponential 

phase of the acclimated light cultures after five to eight hours from the onset of 

the light cycle, using oxygraphs (Hansatech Instruments, King’s Lynn, UK) to 

measure dissolved oxygen in the reaction vessel of the liquid-phase chamber. 

The electrode comprises an anode and a cathode, with a layer of electrolyte 

(potassium chloride) between the two electrodes which are covered with a 

sealed, oxygen-permeable membrane so that when an electrical voltage is 

applied it can stoichiometrically determine oxygen consumed at the cathode. 

The light source was a 3 watt white LED lamp (Deltech GU10-1HP3W); light 

was dimmed using neutral density filters (0, 2, 25, 65, 150, 315, 600, 1300 and 

2000 μmol photons m2 s-1). Temperature was controlled at 21°C by a water 

jacket connected to a temperature controlled water bath. Each light intensity 

was measured for at least 10 minutes so that the disturbance between switching 

filters can be disregarded and the oxygraphs have time to readjust to the new 

light environment, and the final 5 minutes were used to determine 

photosynthesis rates. Blanks were measured using sterile medium and GFF 

filtered cultures to measure oxygen consumption by the electrodes and 

bacterial respiration. PE curves were corrected to cells/ml to give fmol/cell 

from each of the oxygraphs run in series.  

Cultures were sampled for cell concentration (see section 3.3.3), POC/PON 

(see section 2.1.6) and POP (see section 2.1.8) as well as Chl a (see section 

2.1.5).  

4.3.4 Calculations  
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Oxygen concentration was corrected for temperature and salinity according to 

Benson et al., 1984. Corrected oxygen concentrations were converted to carbon 

using a photosynthetic quotient of 1.4 mol O2 mol-1 CO2 (Laws, 1991) for 

growth on nitrate as the nitrogen source. The instantaneous rates of 

photosynthesis were normalized to the measured cell densities, to cellular 

organic carbon content and up scaled to daily rates (light intensity µmol 

photons m2s-1 to mol photons m2s-1 =/105*60*60*24) to calculate specific 

photosynthetic production (Pc, d-1).  

Two models were used to estimate the photosynthetic parameters αchl, βchl, PC
m, 

resp, θmax. The first model was the acclimated model. It uses the measurements 

of PC and estimates 4 parameters (αchl, βchl, PC
m, resp) for each PE curve by 

minimizing the residual sum of squares (RSS) between the model and the 

individual PE curves using the Excel solver function. Parameters for each 

species were calculated as the mean result for each PE curve. θmax was 

estimated from linear regression of 
1

𝜃
 versus I.  

The second model was the dynamic model, where estimates of all five 

parameters were calculated using a random parameter generation combined 

with a golden section optimization to minimize the RSS between the model and 

the observations of PC, θ, and µ𝑚𝑎𝑥 (Buitenhuis et al., 2010). A new dynamic 

photosynthesis equation was developed which predicts the dependence of Pc on 

θ and irradiance (I). This model is based on the equation developed by Geider 

et al., 1997, but it was extended by a light inhibition term which is a 

reformulation of the steady-state light inhibition equation from Platt et al., 

1980, in order to match the dependence on variable θ. The equation is as 

follows: 

Equation 4.1 Pc = Pm
C[1-exp (

−𝛼𝑐ℎ𝑙∗I∗θ 

Pm
C )] exp (

−βchl∗I∗θ

Pm
C )     

The chlorophyll synthesis was formulated as per Geider et al., 1997. To 

compensate for the fact that there were more replicates of PC but they were less 

reproducible, growth rate was weighted 50 times more in the RSS and θ was 

weighted 30 times more in the RSS. 
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Mean standard error for empirically measured triplicate growth rate, triplicate 

theta and sextuplet PE curves is SE = 17 for haptophytes and SE = 16 for 

chlorophytes. Compared to the acclimated model, the errors were SE = 22 for 

haptophytes and SE = 84 for chlorophytes; and finally the dynamic model, the 

errors were SE = 271 for haptophytes and SE = 490 for chlorophytes. 

Maximum growth rates were calculated using the following equation: 

Equation 4.2  µmax =  Pm
C ∗  (

14

24
) − resp    

The goodness of fit between the two models was calculated using Akaike’s 

Information Criterion (AIC). The AIC calculates the trade-off between the 

goodness of fit of the model and the complexity of the model (Burnham et al., 

2004; Buitenhuis et al, 2008): 

Equation 4.3 AIC = nobs Log (σ2) + 2nparam  

Where nobs is the number of observations σ2 = 1/ (nobs - nparam) * ∑ (obs – fit) and 

nparam is the number of parameters (i.e. the complexity of the model). The best 

fit returns the lowest AIC value (including negative values) and the AIC for 

each fit is said to be significantly different if the difference between each one is 

greater than 2 (Burnham et al., 1998). 

4.3.5 Statistical analysis 

 

P values for normality were conducted in Sigmaplot © version 12 or Mystat ©. 

Standard error and standard deviation were calculated in Microsoft Excel 2010 

©. Linear regression analyses were conducted in Sigmaplot © version 12.5. 

4.4 Results  

4.4.1  Growth rates 

 

Figures 4.1 and 4.2 show the measured growth rates of the haptophytes and 

chlorophytes respectively as well as the estimated growth rates from the 

dynamic photosynthesis light response model. Growth increases with 

increasing light intensity until species reach light saturation (Iopt); once this 
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point is reached light inhibition will cause a decline in growth rate. The 

maximum measured growth rates were from I. rotunda (0.72 d-1 ± 0.12, Figure 

4.1) which also showed the steepest decline in growth rates at higher light 

levels (0.19 d-1 ± 0.05 at 430 μmol photons m2 s-1 vs. 0.60 d-1 ± 0.29 at 260 

μmol photons m2 s-1). Light inhibition was observed across all 

nanophytoplankers. The percentage bias between the measured growth rates 

and those estimated by the dynamic model ranged from 6% – 20% and there 

was a tendency towards negative bias at high light and positive bias at low 

light. Of the haptophytes, two of the three species showed negative bias at each 

light intensity. P. calathiferum only showed negative bias at the highest light 

intensity. Of the chlorophytes, both species showed positive bias.  

 

Figure 4.1 Light dependent growth rates of the haptophytes. Circles show the empirical data; 

lines show the dynamic model fits.  
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Figure 4.2 light dependent growth rates of the chlorophytes. Squares show the empirical data; 

lines show the dynamic model fits.  

4.4.2 Cell volume 

 

Mean cell volume for the nanophytoplankers was 40 μm3; maximum was 101 

μm3 (C. stigmatophora) and minimum was 18 μm3 (I. rotunda). The 

haptophytes had a larger mean maximum cell volume (43 μm3 vs. 37 μm3 than 

the chlorophytes).  
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Figure 4.3 mean measured growth rates at each acclimated light intensity as a function of cell 

volume. Circles show the haptophytes, squares show the chlorophytes. The lines are the linear 

regressions through the data, r2 values are shown in the legend.  

There is a statistically significant trend (ANOVA) in that the maximum growth 

rates increases with increasing cell volume for all of the species. Among the 

haptophytes for I. galbana P = 0.02, for P. calathiferum P = 0.02 and for I. 

rotunda P = 0.02; among the chlorophytes for C. stigmatophora P = 0.02 and 

for P. marina P = 0.02.  
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Figure 4.4 Mean measured cell volume as a function of I. Circles show the haptophytes, 

squares show the chlorophytes. Red is I. galbana; green is P. calathiferum and dark red is I. 

rotunda. Blue is C. stigmatophora and white is P. marina. 

Cell volumes increase with increasing light intensity up to light saturation. 

There was a statistically significant relationship between cell volume and (as a 

function of) light intensity for I. galbana – P = 0.02, r2 = 0.87, I. rotunda – P = 

0.005, r2 = 0.97 and for P. marina – P = 0.02, r2 = 0.86.  

4.4.3 Chlorophyll a to carbon ratios 

 

The Chl a:C (Θ) ratios decrease reciprocally with increasing light intensity in 

nanophytoplankton. For haptophytes Θ increases from 0.09 g g-1 at 15 μmol 

photons m2 s-1 and 0.008 at 430 μmol photons m2 s-1 (Figure 4.5). I. galbana 

showed the highest ratio (0.09 g Chl a g-1 C) at lowest light intensity (15 μmol 

photons m2 s-1). I. rotunda had the lowest overall ratios of the haptophytes, 

suggesting it was the least light limited of all the nanophytoplankers. Generally 

the Chl a:C ratio should be highest at low light because more chlorophyll is 

required for photosynthesis. All haptophytes showed statistically significant 

results for Θ decreasing with increasing light intensity (Figure 4.5).  
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Figure 4.5 Chl a:C (g g-1) as a function of light for haptophytes. Circles show measured ratios 

with straight lines representing a linear regression – r2 values are shown in the legend, and 

dashed lines show those estimated by the dynamic model. The mean percentage bias between 

the measured ratios and model fit is 1%.  

The Chl a:C ratios also decreased reciprocally with increasing light intensity 

for chlorophytes, but were not statistically significant. Θ decreased from 0.14 g 

g-1 at 15 μmol photons m2 s-1 and 0.005 at 430 μmol photons m2 s-1 (Figure 

4.6). C. stigmatophora showed the highest overall ratio of 0.14 g g-1; but with 

anomalous results at high light. 

Figures 4.5 and 4.6 show Θ compared to the model fit estimates for 

haptophytes and chlorophytes. There is no statistically significant difference 

between the measured values of Θ and those estimated by the model.  
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Figure 4.6 Light dependent Chl a:C (g g-1) from acclimated cultures squares show the 

chlorophytes. Blue is C. stigmatophora and white is P. marina. Squares show the empirically 

measured ratios and lines show those estimated by the dynamic model. The mean percentage 

bias between the measured ratios and model for is 1.5%. 

4.4.4 Photosynthetic parameters  

 

The parameterization of the acclimated photosynthesis response model to 

steady state chlorophyll a to carbon ratios showed significant differences 

(Student’s T-test P = 0.002) between the haptophytes and chlorophytes for 

photoinhibition ( 𝛽𝑐ℎ𝑙 ), but not for any of the other parameters. The 

chlorophytes have stronger light inhibition (mean 𝛽𝑐ℎ𝑙 = 0.72 g C m2 (mol 

photons g Chl a)-1) than the haptophytes (mean 𝛽𝑐ℎ𝑙 = 0.34 g C m2 (mol 

photons g Chl a)-1) suggesting the haptophytes prefer higher light intensities. 

The maximum chlorophyll to carbon ratios were calculated (Table 4.4) by a 

linear regression of 
1

𝜃
 which gave a maximum range between 0.02 and 0.04 g 

Chl  a g-1 C the lowest of which was I. rotunda. 

Table 4.2 Acclimated model parameters. 
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Species 

(RCC) 

 

Size  

μm 

 

 

𝑷𝒎
𝑪  d-1 

𝜶𝒄𝒉𝒍g C m2 

(mol photons g 

Chl a)-1 

𝜷𝒄𝒉𝒍g C m2 

(mol photons g 

Chl a)-1 

 

 

Respiration 

d-1 

 

θmax g 

Chl a g-1 

C 

1348 5 0.55 

(0.19) 

7.92 (1.6) 0.35 (0.10) 0.18 (0.1) 0.04 

(0.01) 

1448 5 2.46 

(1) 

5.35 (1.8) 0.27 (0.1) 0.46 (0.4) 0.04 

(0.01) 

905 4 0.45 

(1.3) 

4.25 (0.9) 0.39 (0.1) 0.06 (0.1) 0.02 

(0.003) 

661 4 1.93 

(0.8) 

9.63 (5.1) 0.75 (0.2) 0.18 (0.3) 0.03 

(0.01) 

261 4 3.39 

(1.2) 

7.58 (3.9) 0.68 (0.3) 0.82 (0.9) 0.03 

(0.01) 

 

Table 4.3 Dynamic model parameters. 

 

Species 

(RCC) 

 

Size 

μm 

 

 

𝑷𝒎
𝑪  

d-1 

𝜶𝒄𝒉𝒍g C m2 (mol 

photons g Chl 

a)-1 

𝜷𝒄𝒉𝒍g C m2 (mol 

photons g Chl 

a)-1 

 

 

Respiration 

d-1 

 

θmax g 

Chl a g-

1 C 

1348 5 2.22 42.4 1.85*10-12 0.83 0.05 

1448 5 0.79 9.41 1.15*10-10 4.9*10-6 0.11 

905 4 0.57 6.89 5.01*10-10 0.01 0.03 

661 4 0.71 9.28 1.08*10-12 0.16 0.11 

261 4 0.79 32.5 1.59*10-10 0.17 0.02 

 

Comparing the acclimated model with the dynamic model; there is a significant 

difference for 𝛼𝑐ℎ𝑙  and 𝛽𝑐ℎ𝑙  (Student’s t-test P = < 0.05). For 𝑃𝑚
𝐶  the 

haptophytes had a mean value of 1.15 d-1 for the acclimated model and 1.19 d-1 

for the dynamic model; the chlorophytes had a significant difference (P = < 

0.05) between the two models with 2.66 d-1 for the acclimated model and 0.75 

d-1 for the dynamic model. The highest 𝑃𝑚
𝐶  for the acclimated model was for P. 

marina at 3.39 d-1 ± 1.2 and 2.2 d-1 for I. galbana in the dynamic model. The 

initial slope of the PI curve was highest in C. stigmatophora in the acclimated 

model at 9.63 ± (5.1) g C m2 (mol photons g Chl a)-1 and highest for I. galbana 

at 42.2 g C m2 (mol photons g Chl a)-1 in the dynamic model. Photoinhibition 



 

 

73 

 

was significantly lower in the dynamic model. In the acclimated model, the 

haptophytes had the lowest values. A chlorophyte (C. stigmatophora) had the 

highest value at 0.68 g C m2 (mol photons g Chl a)-1 ± 0.3. Mean respiration for 

the haptophytes in the acclimated model were 0.23 d-1 ± 0.02 and 0.28 for the 

dynamic model; and for the chlorophytes resp = 0.5 ± 0.06 d-1 for the 

acclimated model and 0.17 d-1 for the dynamic model. The mean Chl a:C for 

the acclimated model for haptophytes is 0.03 g Chl a g-1 C and 0.06 g Chl a g-1 

C for the dynamic model; for the chlorophytes it is 0.03 g Chl a g-1 C for the 

acclimated model and 0.07 g Chl a g-1 C for the dynamic model.  

The mean percentage error between the acclimated model and the empirical 

data for the combined parameters is less than the percentage error between the 

dynamic model and the empirical data for only two species – P. calathiferum 

(7% vs. 11%) and C. stigmatophora (negative percentage error vs. 6%). The 

dynamic model was lower for the other three species - I. galbana (35% vs. 

621%), I. rotunda (20% vs. 55%) and P. marina (27% vs. 207%).  

In the dynamic model, the average contributions to the RSS for growth rates 

was 69%; for instantaneous photosynthesis rates it was 28% and for θ it was 

3% (lower error likely due to much smaller numerical values). 

To definitely compare the two models) against the observations, the AIC was 

calculated (equation 4.3). The acclimated model returned an AIC value of -

3.75, and the dynamic model returned an AIC value of -0.95.  
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Figure 4.7 Photosynthesis to light response of the haptophytes normalized to Chl a:C. The 

circles in the top plot show the measured individual haptophyte species; red is I. galbana; 

green is P. calathiferum and dark red is I. rotunda. The lines show the dynamic model fits. For 
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clarity, the model fits are shown separately in the bottom plot. Short dashed line is I. galbana; 

long dashed line is P. calathiferum and unbroken line is I. rotunda. 

 

 

Figure 4.8 Photosynthesis to light response of the chlorophytes normalized to Chl a:C. The 

squares in the top plot show the measured individual chlorophyte species; blue is C. 

stigmatophora and white is P. marina. The lines show the dynamic model fits. For clarity, the 

model fits are shown separately in the bottom plot. Short dashed line is C. stigmatophora long 

dashed line is P. marina. 
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The instantaneous response of photosynthesis to light was plotted vs. θ*I 

(Figures 4.7 - 4.8) and shows responses predicted by Equation 4.1. The 

normalization to θ is used because there is a decrease in light requirement with 

increasing θ. This equation means that with normalization all the PE curves 

from one species acclimated to a specific light intensity but measured at 

different light intensities should match. 

4.5 Discussion  

4.5.1 Growth rates and cell volume 

 

From the results, we can see that growth rate is a saturating function of I, in 

exponentially growing, constant temperature, nutrient-saturated cultures. 

However, there are few light-limited growth rates in the literature for 

nanophytoplankton to make a comparison. One study had growth rates between 

1.3-1.8 d-1 for 10 μ mol photons m2 s-1 (Alpine et al., 1988). Maximum growth 

rate at lowest light intensity in this thesis was 0.46 d-1 ± 0.08 at 15 μ mol 

photons m2 s-1 for P. calathiferum.  

Nanophytoplankton tends to dominate in temperate regions (temperatures 

around 10°C) where algal communities tend to be low-light adapted; with light 

saturation occurring at 25 – 75 μmol photons m-2 s-1 (Anderson et al., 1994).  

There are statistically significant species-specific differences between the 

growth rates within the haptophytes; with I. galbana and P. calathiferum (P = 

0.001) and I. rotunda (P = 0.03); and between P. calathiferum and I. rotunda 

(P = 0.00002). There is also a statistically significant species-specific 

difference in growth rates between the chlorophytes (P = 0.03); but no 

significant difference when taken collectively.  

Nanophytoplanker maximum growth rates increase with increasing cell 

volume. However, there is only a statistically significant difference between 

cell volume as a function of light intensity for P. marina. In the literature, it is 

stated that the relationship between cell size and maximum growth rate is 

negatively correlated over a wide range of phytoplankton size classes 
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(Marañón et al., 2013). The Marañón study states that the maximum population 

growth rate peaks around cell volumes of 100 μm3 and declines sharply as cell 

become either larger or smaller (Marañón et al., 2013). In other words, 

maximum growth rate and carbon-specific photosynthesis peaks at 

intermediate cell sizes (Marañón et al., 2013), it is stated that nutrient kinetics 

(uptake, requirement and assimilation) are limited to taxon-dependent size 

scaling of growth. Cell volumes in this chapter only reach up to ~50 μm3, with 

a μmax of 1.2 d-1. 

Of the two models, the dynamic model gives a better estimate of μmax. The 

percentage bias between the measured μmax and the acclimated model is -36%; 

whereas the percentage bias between the measured μmax and the dynamic model 

is much lower at 13%. This is likely a consequence of including growth rate 

measurements in the data that were used to estimate the photosynthetic 

parameters of the dynamic model. 

For growth rates, the dynamic model takes into consideration measurements of 

photosynthesis which is useful when used to consider growth rates vs. cell size. 

Generally, smaller cells have a lower C:N ratio; but a greater nutrient demand; 

whereas larger cells have higher ratios of respiration to photosynthesis 

(Marañón et al., 2013). The dynamic model also agrees better with the 

measured growth rates and maximum growth rates than does the acclimated 

model estimates (from Equation 4.2). However, the growth rate estimates for 

the chlorophytes are a little low. 

4.5.2 Chlorophyll a:C 

 

The Chl a:C ratio is an indicator of the physiological state of phytoplankton. 

Light-saturated photosynthesis is assumed to be proportional to POC 

concentration and light-limited photosynthesis is assumed to be proportional to 

Chl a concentration and I (Geider et al., 1997). In the literature the dependence 

of θ on I and temperature in exponentially growing, nutrient-saturated cultures 

has been described by four photosynthetically relevant parameters in an 

empirical equation (Geider, 1987; Geider et al., 1997). 
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Further to the impact of cell volume; larger cells are advantaged by larger Chl 

a:C due to the package effect (Nelson et al., 1993; Finkel et al., 2000). In the 

literature, diatoms (~2 – 200 μm in diameter) tend to show higher Chl a:C than 

do dinoflagellates (~5 – 2000 μm in diameter). High 𝛼𝑐ℎ𝑙 (mean 6.95 g C m2 

(mol photons g Chl a)-1) in nanophytoplankton could be indicative of the small 

package effect, which can lead to an increased efficiency in light acquisition 

(Raven, 1988). On a positive note, higher 𝛼𝑐ℎ𝑙 can mean lower light saturation 

levels and therefore continued success in low-light regions; but inversely, it can 

mean that nanophytoplankton is prone to photo damage. For 

nanophytoplankton there may also be a trade-off between high alpha and high 

respiration.  

4.5.3 Photosynthetic parameters  

 

The results from the photosynthetic parameters suggest that more physiological 

data is required for nanophytoplankton in terms of modelling. Biogeochemical 

models use a dynamic model rather than an acclimated model despite, in this 

instance, the acclimated model being a better fit for nanophytoplankton. 

Overall, the instantaneous physiological response of nanophytoplankton 

photosynthesis to light was calculated using two separate methods which 

showed agreement for some photosynthetic parameters (𝑃𝑚
𝐶, resp and θmax), but 

not for photoinhibition (βchl) and the initial slope (αchl). The negative bias of 

photosynthesis at high light is an indication of underestimated photoinhibition 

at high light in the dynamic model. Further to this, βchl is much lower in the 

dynamic model estimates (Table 4.3) than in the acclimated model (Table 4.2). 

Both models have merit; the dynamic model allows for better representation of 

the conditions for photoacclimation in the natural environment because the 

acclimated model requires conditions to retain balanced growth and 

empirically measured Chl a:C. The photosynthetic parameters that these 

models calculate are required to assess chlorophyll a data from the natural 

environment so that it may be translated into phytoplankton biomass and/or 

primary production. Therefore, it is sensible to continually improve these 

models by validating them with more empirical data.  
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Between the chlorophytes and the haptophytes, there is a statistically 

significant difference in the physiological response to photoinhibition, but not 

for any of the other photosynthetic parameters. Photoinhibition was strongly 

reflected in the acclimated model (which only uses these instantaneous 

photosynthesis measurements), but not so strongly reflected in the dynamic 

model which gives much lower βchl . It is possible that this may be a shortfall in 

the dynamic model; where irreversible photo damage can perhaps occur over 

longer time scales while the model only represents short term reversible 

inhibition as a function of θ. I.e. growth rates are a measurement that are 

represented on a time-scale of days; but photosynthesis measurements are over 

a time-scale of minutes. The chlorophytes showed stronger photoinhibition 

than the haptophytes, but overall 𝛽𝑐ℎ𝑙 was 0.49 g C m2 (mol photons g Chl a)-

1for nanophytoplankton.   

4.6 Conclusions 

Within nanophytoplankton there is a statistically significant species-specific 

difference between the growth rates within the haptophytes, and between the 

two chlorophytes; however, there is no significant difference when taken 

collectively.  

Results indicate that the light dependent maximum growth rates increase with 

increasing cell volume for nanophytoplankers. 

Between the chlorophytes and the haptophytes, there is a statistically 

significant difference in photoinhibition.  

Both models have merit. However, the acclimated model was a better overall 

fit (AIC = -3.75 vs. -0.95 for the dynamic model).   
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4.7 Appendix 

 

Figure 4.9 Light dependent growth rates for haptophytes. Plots shown with standard error bars. 
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Figure 4.10 Light dependent growth rates for chlorophytes. Plots shown with standard error 

bars. 
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Figure 4.104.11 PE curves corrected for carbon and measured at light intensities between 0 – 

2000 μ mol photons m2 s-1. For the haptophytes: P. calathiferum (green circles); I. galbana (red 

circles); I. rotunda (dark red circles).For the chlorophytes: P. marina (white squares) C. 

stigmatophora (blue squares). Individual plots are for the species acclimated to specific light 

intensities from 15 – 430 μ mol photons m2 s-1). 
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5 Chapter 5: Nanophytoplankers alter their elemental 

stoichiometry under nutrient saturation in response to 

changing environmental conditions 
 

5.1  Abstract  

The variability in nutrient stoichiometry under differing temperature conditions 

is presented for ten nanophytoplankton species, and under differing light 

conditions for 5 nanophytoplanker species. Mean C:N for the haptophytes is 

8.5 ± 0.5 for the chlorophytes it is 8.2 ± 0.8, for the chrysophyte it is 10 ± 0.7 

and for the dinoflagellate it is 8.9 ± 0.7. There is a statistically significant 

difference between C:N of the chrysophyte and the haptophytes, and between 

the chrysophyte and the dinoflagellate (P = 0.05) but not among any of the 

other groups. Mean N:P for the haptophytes is 21 ± 1.3, for the chlorophytes it 

is 18 ± 0.88, for the chrysophyte it is 15 ± 0.47 and for the dinoflagellate it is 

18 ± 0.37. These data suggest that none of the nanophytoplankers were N-

limited (N:P < 10:1). The mean C:P for the haptophytes is 171 ± 8.2, for the 

chlorophytes it is 147 ± 7.5, for the chrysophyte it is 153 ± 4.2 and for the 

dinoflagellate it is 155 ± 4.4. Under nutrient saturated conditions, nitrogen and 

phosphorus are taken up in excess resulting in a deviation from the Redfield 

ratio (C:N:P = 106:16:1). The C:N:P is 150:21:1 for haptophytes; 139:18:1 for 

chlorophytes; 153:15:1 for the chrysophyte and 155:18:1 for the dinoflagellate.  

5.2 Introduction 

If climate change causes changes in the nutrient stoichiometry then the 

utilization of carbon relative to the other limiting nutrients could mean that 

either more or less carbon will be exported. Physiological experimentation to 

see whether the nutrient uptake generally differs from the Redfield Ratio or if it 

remains the same with climate change parameters will allow insights into 

biological mechanisms and carbon export as well as the inferred degree of 

nutrient limitation of phytoplankton growth and cellular composition. In 1934, 

Redfield investigated the elemental composition of particulate organic matter 

of plankton and found a relationship in the nutrient stoichiometry; this ratio is 
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now known as the Redfield ratio and is defined as 106C:16N:1P (Redfield, 

1958). Since this time, this ratio has been used to define how different 

biogeochemical cycles are coupled in the marine environment. 

The results from the cellular composition analyses are used to determine the 

ratios of organic carbon, nitrogen phosphorus and chlorophyll so that they can 

be compared to the Redfield ratio and to assess the importance of temperature 

on the Chl a:C - that it increases linearly with increasing temperature (or 

decreases with decreasing temperature due to chlorosis, resource reallocation 

and/or slower metabolic rates (Geider, 1987; Raven et al., 1988).  

Literature suggests that smaller-size classes have superior uptake efficiencies 

than do larger size classes (Smith et al., 1992; Raven, 1988). With climate 

change likely to lead to an extension of subtropical oligotrophic gyres, 

increased stratification and decreased nutrient availability smaller size classes 

may become more dominant in these areas. 

As the anthropogenic CO2 in the ocean increases, the carbon-to-nutrient ratios 

of the marine phytoplankton are expected to be higher due to the increases in 

carbon availability (Schoo et al., 2012; Bianucci et al., 2012). If this is the case 

it may have an ecosystem effect because the food quality available up the food 

web may alter (Schoo et al., 2012) possibly resulting in variations in carbon 

sinks and chemical compositions (Schoo et al., 2012; Bianucci et al., 2012). 

Two important nutrients for phytoplankton are N and P, however, Si:P is ~ 6:1 

and in diatoms Si:N is ~ 1 (Collos et al., 2004. It is known that different 

phytoplankton assemblages (PFTs) alter their nutrient stoichiometry in 

response to changing environmental conditions, as well as taking up nutrients 

in excess of their minimum requirements when conditions allow. This latter 

phenomenon is generally reflected in lower N:P ratios and Redfield-like C:N 

ratios (Geider et al., 2002). Because these differences can be seen on large-

scales across ocean regions it has become important to investigate the changes 

in elemental stoichiometry for a given PFT (Bertilsson et al., 2003). N:P ratios 

are important since they are used to describe nutrient limited regions (Geider et 

al., 2002; Tagliabue et al., 2011; Toseland et al., 2013). 
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5.2.1 Nitrogen 

 

Nitrogen is one of the most important elements for biological organisms, 

nitrogen is present primarily as amino acids and it also occurs in nucleic acids 

(DNA and RNA) and it is essential for many biological processes including 

cell maintenance, acclimation to changes in environmental conditions (like 

light, temperature, nutrients and salinity) and cell defence against pathogens 

(Berges, 2003; Collos et al., 2004). Nitrogen is limiting because the ratio 

between supply and demand is lower than that for other elements found in the 

eutrophic zone (Berges, 2003; Collos et al., 2004). Phytoplankton is 

responsible for ~70% of global nitrogen assimilation and is therefore very 

important in transforming incoming radiation into biomass (Berges, 2003; 

Collos et al., 2004). Nitrogen is one of the most important life-giving elements 

and without this assimilation; very little nitrogen would be available to other 

marine organisms that live near the surface of the ocean.  

In oligotrophic oceans, which are generally dominated by nano- and pico-sized 

plankton, the majority of primary production is thought to be driven by 

remineralized nitrogen; conversely, larger cells tend to dominate in areas with a 

relatively high supply of new nitrogen which supports a relatively large 

phytoplankton biomass (Dugdale et al., 1967; Eppley et al., 1979; Malone, 

1980a/b; Chisholm, 1995). This trend may suggest that larger cells primarily 

utilize NO3
- as their nitrogen source, and smaller cells primarily utilize NH4

+ 

(Malone, 1980a/b; Chisholm, 1995). So the relative biomass of pico/nano 

phytoplankton and larger phytoplankton may simply be a consequence of the 

total nitrogen concentration below the mixed layer and which form the nitrogen 

source is in (Chisholm, 1995). Intense mixing may favour larger cells and 

where there is a dominance of small plankton (and subsequent low f-ratios) it 

may be suggestive of low mixing regimes (Chisholm, 1995). 

5.2.2 Phosphorus  

 

Other research suggests that P is the limiting nutrient in oligotrophic oceans (as 

well as several coastal systems) (Cotner et al., 1997; Karl et al., 1997; Ivančić 
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et al., 2012). Phosphorus is the other major nutrient for life in biological 

organisms considered here because phosphate is a component of DNA and 

RNA, ATP (adenosine triphosphate) and phospholipids that form all cell 

membranes (Spector et al., 1985). Phosphorus normally occurs in nature as part 

of a phosphate ion (PO4)
3- of which the most abundant form is orthophosphate. 

The main source to the marine environment comes from terrestrial runoff or 

dust deposition (Libes, 2009). The availability of P is restricted greatly by the 

rate of release of this element from weathering processes and the only sink for 

P is via sedimentary deposition (Libes, 2009). P limitation is apparent in many 

oligotrophic gyres as well as other low nutrient, low chlorophyll (LNLC) areas. 

Marine organisms have evolved mechanisms for dealing with the changes in P 

concentration (Ivančić et al., 2012); for example cyanobacteria like 

Synechococcus and Prochlorococcus that dominate in low P environments 

have synthesized their cell membranes primarily from sulphur and sugar rather 

than the phospholipids of eukaryotic cells (Dyhrma et al., 2007; Van Mooy et 

al., 2009; Ivančić et al., 2012).  

5.2.3 Stratification and nutrient availability 

 

Rising temperatures with climate change are likely to lead to increased 

stratification and perhaps an extension of the subtropical oligotrophic gyres 

(Gerecht et al., 2014; Morán et al., 2010; Emerson et al., 2008; Kwon et al., 

2008; Doney et al., 2012; Behrenfeld et al., 2006; Bopp et al., 2001). The 

increased intensity of stratification will decrease the mixing rate between the 

surface water and the deep water thus reducing nutrient input into the upper 

sunlit layers from the nutrient-rich deep ocean water (Gerecht et al., 2014). The 

result of this will likely be nutrient limitation and ultimate changes in 

abundance and composition of plankton communities affecting global 

biogeochemical cycling – and in particular – the carbon cycle (Gerecht et al., 

2014). Increased stratification may mean that phytoplankton communities 

adapt to low nutrient concentrations all year round (Behrenfeld et al., 2009) or 

there will be a move towards smaller phytoplankton assemblages like pico- and 

nanophytoplankton (Bopp et al., 2005; Ivančić et al., 2012). 
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All marine phytoplankton affects the carbon cycle because it fixes CO2 into 

particulate organic carbon (POC) via photosynthesis.  

Phosphate and nitrate limited experiments are designed to specifically test the 

nutrient stoichiometry of the phytoplankton in order to determine physiological 

effects.  

5.3 Materials & Methods 

5.3.1 Culture media 

 

For this thesis, an axenic experiment was carried out so that the bacteria could 

not interfere with the results. 

5.3.2 Light and temperature 

 

Light intensities were measured using a Radiometer Scalar PAR (QSL2101 

Light Biospherical Instrument, San Diego, USA) and the temperatures were 

measured using a Grant ® Squirrel (Grant instruments 1000 series). For the 

continuous cultures, Sanyo MLR-351 incubators were kept at a constant 

temperature (22°C) and light (to ensure steady state in the culture without a 

diel cycle) of 125 µmol photon m-2 s-1. Experimental batch cultures for the 

continuous culture experiment were grown at 22°C and maintained at a light 

intensity of 125 µmol m-2 s-1, with a L:D cycle of 24 hours and were grown in 

nutrient replete ESAW medium (Harrison et al., 1980).  

5.3.3 Growth rate measurements and cell composition sampling  

 

Maximum growth rates were measured in batch cultures as described in 2.1.4. 

Sampling and analyses of cellular composition are described in 2.1.4 – 2.1.7. 

After acclimation the continuous cultures were sampled on consecutive days 

for the organic nutrients POC/PON (collectively), Chl a and POP; and for the 

inorganic nutrients PO4 (phosphate), NH3 (ammonia) and NO3 (nitrate). PO4 

analyses were determined in a similar manner to POP (Section 2.1.7) except 

that the digestion step was omitted.  
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NO3 and NH4 were analysed using a San++ Automated Wet Chemistry 

Analyzer- Continuous Flow Analyzer (CFA, Skalar Analytical, 2014) 

according to Wood et al. (1967).  

5.3.4 Statistical analysis 

 

Normality and p values were tested with ANOVAs and conducted in Sigmaplot 

© version 12.5. 

5.4 Results 

5.4.1 Nutrient saturated quotas  

 

Under nutrient saturated conditions carbon quotas increase with increasing 

temperature and decrease with increasing light (ANOVA p = 0.07 and 0.003 

respectively); nitrogen quotas decrease with increasing light (p = 0.007); and 

phosphorus decreases with increasing light (p = 0.009) (Figure 5.1).  There was 

no significant relationship between nitrogen or phosphorus quotas and 

temperature.  
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Figure 5.1 Mean carbon quotas (pg cell-1) in nanophytoplankton species obtained from 

temperature – r2 = 0.60 (top left plot) and light – r2 = 0.67 (top right plot) experiments. Mean 

nitrogen quotas decreasing with increasing light – r2 = 0.71 (bottom left plot) and mean 

phosphorous quotas decreasing with increasing light – r2 = 0.67 (bottom right plot). The lines 

show linear regressions. Data is shown ± standard error.  

The mean species specific ranges of elemental quotas were quite similar 

between the temperature and light experiments; however two of the haptophyte 

species (I. galbana and P. calathiferum) show statistically significant 

differences across all three elements and I. rotunda showed statistically 

significant differences between the carbon and nitrogen quotas (for light and 

temperature).  

Table 5.1 shows a statistical comparison of the particulate organic matter for all species from 

the temperature and light experiment using a Pairwise Multiple Comparison (Dunn’s 
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Method).Where P values are highlighted in red, this indicates a strong significant statistical 

difference between the tested pairs (P = < 0.01). 

 

Species  

RCC 

number 

 

Carbon 

 

Nitrogen 

 

Phosphorus 

I. galbana (haptophyte) 1348 0.008 0.005 0.003 

P. calathiferum (haptophyte) 1448 0.002 0.005 0.004 

I. rotunda (haptophyte) 905 0.003 0.001 0.112 

P. marina (chlorophyte) 261 0.642 0.515 0.926 

C. stigmatophora (chlorophyte) 661 0.513 0.385 0.513 

Haptophytes 

Chlorophytes 

All 

0.003 0.002 0.001 

0.140 0.168 0.074 

0.148 0.089 0.072 

 

Within the temperature and light experiments there was strong interspecific 

statistically significant differences for cellular carbon content (ANOVA on 

Ranks) P = <0.001 for temperature, and for cellular nitrogen P = <0.001 for 

temperature and P = 0.045 for light and finally for cellular phosphorous P = 

<0.001 for temperature. For nanophytoplankers combined there was no 

significant difference between the elemental quotas (Figure 5.2). 
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Figure 5.2 Mean carbon, nitrogen and phosphorus quotas (pg cell-1) in nanophytoplanker 

species obtained from temperature (black bars) and light (grey bars) experiments. The whiskers 

show standard deviations. Left side of the plots are haptophytes, right are chlorophytes.  
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5.4.2 Nutrient saturated quotas and cell volume 

 

Nanophytoplankton nutrient saturated quotas increase with cell volume (Mann- 

Whitney Rank Sum Test) P = <0.01 (Figure 5.2). Although there is a scaling 

with µmax and cell volume, in the literature volume generally decreases as 

carbon quotas increase. Here, the inverse is true. 
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Figure 5.3 Mean carbon, nitrogen and phosphorus quotas (pg cell-1) in nanophytoplankton. The 

lines through each plot are linear regressions. r2 = 0.93 for carbon, 0.92 for nitrogen and 0.92 

for phosphorus. Whiskers show the CV%.  

 

Figure 5.4 Mean carbon, nitrogen and phosphorus density (pg µm3) in nanophytoplankton. The 

lines through each plot are linear regressions. r2 = 0.60 for carbon, 0.59 for nitrogen and 0.59 

for phosphorus. Whiskers show the CV%.  
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Figure 5.3 and Table 5.2 shows broad flexibility in nutrient uptake strategies 

under differing temperature and light conditions. To show this broad flexibility, 

data are shown from Figure 5.3 and Table 5.2 with the coefficient of variation. 

Table 5.2 also shows the cellular nutrient density per cellular volume for each 

species (as shown in Figure 5.4). Figure 5.4 shows that as the cell volume in 

nanophytoplankton increases, there is no statistical significance in the increase 

in nutrient density.  
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Table 5.2 Cell volume (μm3), C and N quotas (pg cell-1) and density (pg μm3) of all the nanophytoplanker species measured under variable light and temperature conditions. 

Nutrient quota data are shown with the coefficient of variance. 

RCC  

Mean 

cell 

volume 

μm3 

CV % 
Pg C 

cell-1 
CV % 

C 

density 

Pg μm3 

Pg N 

cell-1 
CV % 

N 

density 

Pg μm3 

Pg P 

cell-1 
CV % 

P 

density 

μm3 

1348 41 29 18 111 0.45 3 144 0.1 0.29 134 0.007 

1448 37 26 21 94 0.56 3.1 94 0.1 0.38 79 0.01 

905 19 49 9 112 0.43 1.1 79 0.1 0.11 119 0.006 

1406 13 63 23 53 2.37 3.4 60 0.3 0.58 171 0.05 

647 2 34 4 72 1.99 0.9 106 0.4 0.12 87 0.05 

661 34 19 21 88 0.61 2.8 92 0.1 0.4 97 0.01 

261 29 37 19 94 0.73 3.2 101 0.1 0.5 107 0.02 

916 17 27 24 83 1.47 2.7 64 0.2 0.27 63 0.02 

21 98 31 54 33 0.58 6.4 40 0.1 0.92 42 0.01 

91 296 35 1382 80 5.24 175 78 0.7 25 101 0.11 
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5.4.3 Nutrient stoichiometry  

 

Nanophytoplankers show broad flexibility in nutrient stoichiometry 

under broad temperature and light conditions. There are strong 

statistical differences (Dunn’s Method) in C:N ratios (P = <0.001), in 

N:P ratios (P = <0.001) and in C:P ratios (P = <0.001).  

Nanophytoplankers uptake nutrients in excess of their requirements. 

This is reflected by lower, or similar N:P ratios to Redfield (Tables 5.4 

and 5.7) and C:N ratios close to Redfield (Tables 5.5 and 5.8). There 

is no statistically significant difference between N:P ratios for 

nanophytoplanker and Redfield. All nanophytoplankers had N:P ratios 

in excess of 10:1 suggesting none were N-limited. None of the N:P 

ratios were in excess of 30:1 suggestions that there were not P-limited 

either. The two larger species (O. distigma and S. trochoidea) had 

higher C:N ratios than Redfield, which is expected since generally 

larger cells have higher ratios of respiration to photosynthesis 

(Marañón et al., 2013). 
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Figure 5.5 C:P, N:P and C:N ratios (in mol:mol) for different classes of 

nanophytoplankton.  

Table 5.3 Mean species specific C:P ratios in the temperature experiment. The first 

four are haptophytes; the second four are chlorophytes, then the chrysophyte and the 
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dinoflagellate. For completeness, the minimum and maximum values are shown and 

all data are shown with their standard deviation. 

 

Species 

RCC number  

n = 

 

Mean C:P 

 

SD 

 

Min 

 

Max 

I. galbana 1348 8 249 (7) 96 157 

P. calathiferum 1448 6 179 (19) 79 372 

P. gayraliae 1406 8 208 (11)  69 261 

I. rotunda 905 7 180 (5) 79 373 

P. marina 261 6 123 (3) 99 147 

C. stigmatophora 661 12 146 (5) 82 254 

P. coloniale 916 6 221 (4) 189 251 

M. pusilla 647 8 109 (5) 61 168 

O. distigma 21 7 153 (4) 120 208 

S. trochoidea 91 6 155 (4) 106 184 

                                   Haptophytes 

                                  Chlorophytes 

                                                    All 

28 171 (7) 69 373 

33 147 (10) 62 254 

90 157 (6) 89 255 

 

The mean C:P ratios from Figure 5.3 and from Table 5.3 shows 

nanophytoplankters under differing temperatures with values far in 

excess of Redfield (P = <0.001). For haptophytes the mean C:P ratio 

was 62% higher than Redfield. For chlorophytes the mean C:P ratio 

was 38% higher. The mean C:P ratio for the chrysophyte was 44% 

higher than Redfield and for the dinoflagellate it was 47% higher. 

Table 5.4 Mean N:P ratios in the temperature experiment. 

 

Species 

RCC 

number 

 

n = 

 

Mean 

N:P 

 

SD 

 

Min 

 

Max 

I. galbana 1348 8 20 (0.9) 13 30 

P. calathiferum 1448 6 22 (1.4) 8 32 

P. gayraliae 1406 8 25 (0.8) 9 40 

I. rotunda 905 7      22 (1.7) 10 32 

P. marina 261 6 17 (0.5) 19 24 

C. stigmatophora 661 12 17 (0.5) 9 23 

P. coloniale 916 6 22 (0.4) 19 24 

M. pusilla 647 8 18 (0.7) 12 26 



 

 

102 

 

O. distigma 21 7 15 (0.5) 11 19 

S. trochoidea 91 6 18 (0.4) 11 19 

 Haptophytes                    

Chlorophytes 

                 All                                   

                                                     

28 21 (0.6) 9 40 

33 18 (0.3) 9 26 

90 18 (0.3) 11 26 

Figure 5.3 and Table 5.4 shows the mean N:P ratios from 

nanophytoplankers under differing temperatures. For haptophytes the 

mean N:P ratio was 30% higher than Redfield. For chlorophytes the 

mean N:P ratio was 13% higher. The mean N:P ratio for the 

chrysophyte was 4% lower than Redfield and for the dinoflagellate it 

was 10% higher. 

Table 5.5 Mean C:N ratios in the temperature experiment. 

 

Species 

RCC 

number 

 

n = 

 

Mean 

C:N 

 

SD 

 

Min 

 

Max 

I. galbana 1348 8 7.9 (0.6) 4 12 

P. calathiferum 1448 6 8.6 (2) 3 15 

P. gayraliae 1406 8 9.6 (1.8) 7 13 

I. rotunda 905 7 8.6 (0.7) 3 15 

P. marina 261 6 7.5 (0.5) 6 9 

C. stigmatophora 661 12 8.8 (0.8) 4 18 

P. coloniale 916 6 8.8 (0.3) 8 11 

M. pusilla 647 8 6.1 (0.6) 3 9 

O. distigma 21 7 10 (0.7) 6 14 

S. trochoidea 91 6 8.9 (0.7) 7 11 

 Haptophytes                     

Chlorophytes 

                  All 

                                                    

28 8.6 (1) 3 15 

33 8.2 (0.5) 3 18 

90 8.9 (0.3) 5 14 

The mean C:N ratios from Figure 5.3 and from Table 5.5 shows 

nanophytoplankers under differing temperatures with values far in 

excess of Redfield (P = < 0.001). For haptophytes the mean C:N ratio 

was 30% higher than Redfield. For chlorophytes the mean C:N ratio 

was 24% higher. The mean C:N ratio for the chrysophyte was 54% 

higher than Redfield and for the dinoflagellate it was 34% higher. 
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Table 5.6 Mean C:P ratios in the light experiment. The first three are haptophytes; 

the next two are chlorophytes. For completeness, the minimum and maximum 

values are shown. All data is shown with their standard deviation. 

 

Species 

RCC number  

n = 

 

Mean C:P 

 

SD 

 

Min 

 

Max 

I. galbana 1348 8 130 (14) 99 186 

P. calathiferum 1448 6 135 (3) 101 172 

I. rotunda 905 7 118 (9) 94 134 

P. marina 261 6 118 (2.6) 95 175 

C. stigmatophora 661 12 143 (10) 114 166 

                                   Haptophytes 

                                  Chlorophytes 

                                                    All 

15 128 (8) 94 186 

10 130 (12) 95 175 

25 129 (3) 95 180 

 

The mean C:P ratios from Figure 5.3 and from Table 5.6 shows 

nanophytoplankers under differing light intensities with values far in 

excess of Redfield (P = <0.001). For haptophytes the mean C:P ratio 

was 20% higher than Redfield. For chlorophytes the mean C:P ratio 

was 23% higher.  

Table 5.7 N:P ratios in the light experiment. 

 

Species 

RCC number  

n = 

 

Mean N:P 

 

SD 

 

Min 

 

Max 

I. galbana 1348 8 17 (5) 10 24 

P. calathiferum 1448 6 15 (1) 14 16 

I. rotunda 905 7 16 (6) 7 25 

P. marina 261 6 15 (2) 10 18 

C. stigmatophora 661 12 18 (4) 15 27 

                                   Haptophytes 

                                  Chlorophytes 

                                                    All 

21 16 (1) 7 25 

18 17 (1) 11 24 

39 17 (2) 9 25 

 

Figure 5.3 and Table 5.7 shows the mean N:P ratios from 

nanophytoplankers under differing light intensities. For haptophytes 

the mean N:P ratio was the same as Redfield. For chlorophytes the 

mean N:P ratio was 2% higher than Redfield. 
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Table 5.8 C:N ratios in the light experiment. 

 

Species 

RCC number  

n = 

 

Mean C:N 

 

SD 

 

Min 

 

Max 

I. galbana 1348 8 7.9 (1) 6 12 

P. calathiferum 1448 6 9.1 (0.6) 7 12 

I. rotunda 905 7 8.6 (1) 7 12 

P. marina 261 6 8.2 (4) 7 10 

C. stigmatophora 661 12 8.1 (0.4) 6 11 

                                   Haptophytes 

                                  Chlorophytes 

                                                   All 

21 8.3 (0.7) 6 12 

18 8.2 (2) 6 11 

39 8.3 (0.8) 6 12 

 

 

The mean C:N ratios from Figure 5.3 and from Table 5.8 shows 

nanophytoplankers under differing light intensities with values far in 

excess of Redfield (P = <0.001). For haptophytes the mean C:N ratio 

was 29% higher than Redfield. For chlorophytes the mean C:N ratio 

was 24% higher.  

5.4.4 Chlorophyll a to carbon ratios  

 

The measurement of Chl a:C (θ) has been used frequently to assess 

the physiological state of phytoplankton relative to a specific 

environmental condition, usually either light (Geider, et al., 1985, 

1986, 1987, 1996 and 1997), temperature (Eppley et al., 1976; Geider 

et al., 1987; Raven et al., 1988) or nutrients (Geider et al., 1997; 

Geider et al., 1998). The ratio is an indication of an organism’s 

photosynthetic capacity. From the literature we see that the general 

response is an exponential decrease in the Chl a:C with increased 

temperature at a given light intensity and a linear decrease with 

increased light at constant temperature; similarly for nutrient deplete 

conditions with constant light and temperature (Geider, 2006). The 

Chl a:C ratios of nanophytoplankton follows those assumptions in the 

literature.  
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Figure 5.6 Chl a:C ratio as a linear function of temperature. Haptophytes filled 

circles; chlorophytes white squares; chyrsophyte filled diamond; dinoflagellate filled 

triangles. P = <0.05. 
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Figure 5.7 shows the Chl a:C ratio with light. Haptophytes filled circles; 

chlorophytes white squares. P = <0.05. 

For haptophytes, the mean Chl a:C (g Chl a g-1 C) ratio for 

temperature and light respectively was 0.04 (for both) for I. galbana; 

0.05 and 0.04 for P. calathiferum; 0.04 and 0.02 for I. rotunda and 

0.04 (temperature only) for P. gayraliae. For the chlorophytes it was 

0.06 (temperature only) for M. pusilla; 0.04 and 0.03 for C. 

Stigmatophora; 0.05 and 0.03 for P. marina; and 0.04 (temperature 

only) for P. colonial. For the chrysophyte the mean Chl a:C ratio for 

temperature was 0.03 and for the dinoflagellate it was 0.05. 

Reduced chlorophyll at low temperatures and at high light intensities 

can be interpreted as an adaptive response in allocation of resources 

(Raven et al., 1988; Geider, 1987). Chl a:C reduced with increasing 

light intensity due to an increase in light acquisition and ranges 

between 0.001 and 0.14 g Chl a g-1 C but falls within the range of the 
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measured Chl a:C ratios at 260 μmol photons m-2 s-1, which is 

approximately the light intensity at which the temperature experiments 

were conducted. Chl a:C decreases with decreasing temperature due to 

low temperature chlorosis and an increase in lipid production to 

maintain membrane fluidity (Geider, 1987; Raven et al., 1988). Chl 

a:C ratios range from 0.004 and 0.24 g Chl a g-1 C.  

5.4.5 Comparison to Redfield  

 

Nanophytoplankton does not statisically differ from Redfield. 

Acclimation to differing environmetal conditions like temperature and 

light causes variations in elemental ratios as well as the chlorophyll 

a:C ratio. Deviations from Redfield have been used to infer the growth 

limiting nutrient. Phytoplankton deprived of P typically have N:P in 

excess of 30:1, those deprived of N typically have ratios less than 10:1 

(Levings, 1980; Geider et al., 2002). C:N and C:P are also dependent 

on growth conditions, but it is generally accepted that those growing 

near to Redfield are growing at their maximum rates (Levings, 1980; 

Goldman, 1986; Morel, 1987). Nanophytoplankton was neither N or P 

limited.  

The following plots (Figures 5.6 – 5.11) show the nutrient 

stochiometry results compared to the Redfield ratios. Modeling efforts 

assume constant Redfield ratios and therefore the nutrient saturated 

stochiometry of nanophytoplankton could be used to inform 

physioloigcal responses under nutrient replete conditions.  
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Figure 5.8 N:P ratios from the temperature experiment. The red line through each 

plot is the Redfield ratio. Data is shown ± SE.  
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Figure 5.9 N:P ratios from the light experiment. The red line through each plot is the 

Redfield ratio. Data is shown ± SE. 
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Figure 5.10 C:P ratios from the temperature experiment. The red line through each 

plot is the Redfield ratio. Data is shown ± SE. 
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Figure 5.11 Mean C:P ratios from the light experiment. The red line through each 

plot is the Redfield ratio. Data is shown ± SE. 
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Figure 5.12 Mean C:N ratios from the temperature experiment. The red line through 

each plot is the Redfield ratio. Data is shown ± SE. 
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Figure 5.13 Mean C:N ratios from the light experiment. The red line through each 

plot is the Redfield ratio. Data is shown ± SE. 

5.5 Discussion 

5.5.1 Nutrient quotas 

 

Global phytoplankton carbon is difficult to estimate because of the co-

occurrence of other particulate organic matter in the ocean. Estimates 



 

 

114 

 

of carbon biomass have previously been determined using empirically 

derived carbon quota to cell volume relationships (Ishiwata et al., 

2013). Carbon quotas are known to alter during the diel cycle – cells 

divide faster with increasing irradiance reflected in a decrease in the 

average cell size and carbon quotas and under differing environmental 

conditions – when cells are N-limited, cell volumes decrease and 

carbon quotas generally increase (Ishiwata et al., 2013). Carbon 

quotas increase with increasing cell size (Figure 5.3) and range 

between 4 pg C cell-1 for the smallest species (2 μm) to 1263 pg C 

cell-1 for the largest species (20 μm). From the literature for example; 

I. galbana (RCC 1348) has a carbon quota of 6.97 pg C cell-1 at 16°C 

under 20–60 μmol m2 sec-1 on a 14/10 h light/dark cycle with batch 

culture, with a growth rate of 0.32 d-1 (Montagnes et al., 1994) and 

23.8 pg C cell-1 at 25°C under 45 μmol m2 sec-1 on a 12/12 h 

light/dark cycle with continuous culture, with a growth rate of 0.12 d-1 

(Ishiwata et al., 2013). The mean carbon quota for this species under 

variable environmental conditions is 20.3 ± 3.6 pg C cell-1. In this 

thesis, overall carbon quotas for haptophytes ranged from 1.1 – 79 pg 

C cell -1 (mean = 20 pg C cell -1, n = 4) which is in line with the 

literature. Combined mean carbon quotas ranged from 4 - 1263 pg C 

cell-1 which demonstrates the diversity of the nanophytoplanker sizes 

and therefore contributes to greater variability. Nanophytoplankton 

nitrogen quotas in the literature range from 0.68 – 15.11 pg N cell-1 

(Bienfang et al., 1984; Montagnes et al., 1994) which is in agreement 

with the nitrogen quotas in this thesis except for the dinoflagellate 

which is 10 times larger than many of the other species tested.  

5.5.2 Cell volume 

 

Cell volume is an adaptive trait, larger cell volumes are favoured 

when growth rate is limited by the rate at which cellular inorganic 

nutrients can be converted into biomass, and where maximum nutrient 

quotas increase with cell volume faster than minimum nutrient quotas 

(Verdy et al., 2009). In diatoms, their larger size and storage capacity 
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allows for increased ability to take up nitrogen relative to 

requirements, therefore, despite their larger nutrient requirements, 

increased internal quotas accelerate rates of biomass production in 

larger cells (Verdy et al., 2009). Smaller cell volumes are thought to 

possess similar nutrient-uptake abilities to larger cells, but 

consequently have higher nitrogen requirements, i.e. some larger cells 

that have a larger storage capacity possess a greater ability to uptake N 

relative to requirement but growth is limited by conversion of 

nutrients into biomass (Verdy et al., 2009).  

Larger species have smaller surface to volume ratios and therefore are 

thought to be out competed in oligotrophic regions (mostly by nano 

and picophytoplankton); diatoms uniquely are claimed to be better 

nutrient competitors in varying conditions due to their vacuole spaces 

and ability to store nutrients. However, contrary to scaling 

expectations, Marañón et al., show that intermediately sized species 

may actually be better nutrient competitors (Marañón et al., 2013). 

Picophytoplankton in oligotrophic waters, are obviously very small (< 

2 μm), but are better adapted to low nutrient availability (Taniguchi et 

al., 2014). 

Figure 5.3 shows the considerable interspecific variability in nutrient 

to volume quotas for carbon, nitrogen and phosphorus and 

demonstrates that nutrient quotas increase with cell volume. Average 

volumes ranged from 2.3 – 296 μm3 with a coefficient of variation of 

between 19 and 63%; literature ranges from 422 –1.2 *107 μm3 with a 

coefficient of variation of between 22 – 56% (Verity et al., 1992; 

Menden-Deuer et al., 2000). C, N and P showed considerable 

variation: C (pg C cell-1) ranges from 4 – 1383 pg C cell-1 with a 

coefficient of variation of between 33 – 112%. The literature ranges 

from 47.8 – 35,340 pg C cell-1 with a coefficient of variation of 

between 1 – 68% (Menden-Deuer et al., 2000). Carbon density ranges 

from 0.45 – 5.24 pg C μm3; literature ranges from 0.03 – 0.297 pg C 

μm3 (Menden-Deuer et al., 2000). Cell volume can influence carbon 
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density, but other factors may influence the interspecific variation 

which will become increasingly important to understand when 

modelling PFT biogeochemistry and climate change. For example, 

when cells are N-limited, cell volume can decrease as carbon quotas 

increase (Ishiwata et al., 2013). N (pg N cell-1) ranges from 0.9 – 175 

pg N cell-1 with a coefficient of variation of between 40 – 144%; 

literature ranges from 10.62 – 2,656 pg N cell-1 with a coefficient of 

variation of between 2 – 14% μm3 (Menden-Deuer et al., 2000). 

Nitrogen density ranges from 0.1 – 0.7 pg N μm3 and in the literature 

it ranges between 0.02 – 0.1 pg N μm3 (Menden-Deuer et al., 2000). P 

(pg P cell-1) ranges from 0.1 – 25 pg P cell-1 1 with a coefficient of 

variation of between 42 – 171%. P density ranges from 0.006 – 0.1 Pg 

P μm3. CVs are not a good indicator of variations in measurements 

because the number of replicates varies between samples; however, it 

is acceptable to describe variation between nanophytoplanker PFTs 

and data from the literature, further demonstrating that 

nanophytoplanker cell volumes can be very variable and dependent on 

nutrient concentration (Riegman et al., 2000). 

5.5.3 Nutrient stoichiometry 

 

Further to the interspecific variations found among these four classes 

of nanophytoplankton, in the literature, there are significant 

differences in the C:P and C:N ratios between phyla and superfamilies 

(Quigg et al., 2003). In the Quigg study, the C:P ratio for the 

chlorophytes was approximately 200 mol C:mol P which is higher 

than the C:P ratio here (mean was 149 mol C:mol P). The Quigg study 

was conducted under the same environmental conditions. Nutrient 

stoichiometry for nanophytoplankers in this thesis was conducted 

under variable light and temperature conditions and therefore the 

calculated values differ from the literature; however, it is an indication 

of how flexible members of the nanophytoplankton can be in their 

nutrient strategies under variable environmental conditions. The 

dinoflagellates were approximately 135 mol C:mol P which is lower 
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than S. trochoidea (mean was 155 mol C:mol P). The haptophytes 

were approximately 55 mol C:mol P which is considerably lower than 

the haptophytes here (mean 150 mol C:mol P). The N:P ratios in the 

literature review were higher, presumably they were P-limited for 

chlorophytes because N:P is approximately 31 mol N:mol P for 

chlorophytes. In this thesis the mean N:P for chlorophytes was 18 mol 

N:mol P. N:P was approximately 13 mol N:mol P for dinoflagellates 

which is not too indifferent from S. trochoidea (mean was 18 mol 

N:mol P). N:P was approximately 9 mol N:mol P for haptophytes, 

which is lower than the haptophytes here which had a mean of 19 mol 

N:mol P. C:N ratios were approximately 7 mol C:mol N for the 

chlorophytes, which is in line with the chlorophytes here which also 

had a mean of 8.2 mol C:mol N. The dinoflagellates were 

approximately 10.5 mol C:mol N, and here, S. trochoidea was slightly 

lower (mean was 8.9 mol C:mol N). Finally for the haptophytes it was 

approximately 7.5 mol C:mol N, which is in good agreement with the 

haptophytes here, which had a mean of 8.5 mol C:mol N. The 

nanophytoplankers presented here show no statistical relationship 

between C:N, C:P or N:P ratios and increasing temperature and light. 

C:N:P ratios are 150:21:1 for haptophytes (red superfamily; 

prymnesium phyla); 139:18:1 for chlorophytes (green superfamily); 

153:15:1 for the chrysophyte (red superfamily) and 155:18:1 for the 

dinoflagellate (red superfamily).  

Further examples from the literature under nutrient saturated 

conditions show C:N varies from between 3 – 17 mol C:mol N-1 

(Verity et al., 1992; Geider et al., 2002). Here, values for C:N (mol 

C:mol N) range from 3 – 18 for the temperature experiment and from  

6 – 12 for the light experiment. The mean C:N is 8.6 for haptophytes, 

8.2 for chlorophytes and 8.6 for all nanophytoplankton. There is no 

clear increase in C:N with temperature. C:N increased with increasing 

light for the haptophytes, higher N relative to C at low light is likely 

either indicative of an accumulation of N-rich light harvesting 
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components or C-rich energy stores being used up under low light 

(Geider et al., 1988). There was no trend found for the chlorophytes.  

N:P ratios less than 10:1 (mol N:mol P) are generally assumed to be 

nitrogen limited. All nutrient saturated measurements had mean N:P 

ratios higher than 10:1. High temperature is known to significantly 

affect phytoplankton metabolism, in particular protein synthesis 

increases, but the number of phosphate-rich ribosomes and associated 

rRNAs decrease producing higher N:P ratios and consequently an 

increased N-demand and therefore a shift to PFTs that are better 

adapted to N-limitation (Toseland et al., 2013). N:P can also increase 

with light likely as a physiological consequence of N-rich light and 

nutrient acquisition components altering within their cells (Toseland et 

al., 2013). In the literature values for N:P range from 5 – 19  mol 

N:mol P (Verity et al., 1992; Geider et al., 2002). Here, they range 

from 8 – 40 for varying temperature conditions and 7 – 27 (mol N: 

mol P) for varying light conditions.  

In the literature, values of C:P (mol C:mol P) range from 27 to 135 

(Verity et al., 1992; Geider et al., 2002). Here, they range from 61 – 

372 for varying temperature conditions and 94 – 186 for varying light 

conditions (mol C: mol P). For temperature the mean C:P for 

haptophytes was 171 ± 7, for chlorophytes it was 147 ± 10 and for all 

nanophytoplankton it was 157 ± 6. (mol C:mol P). For the light 

experiment the C:P for haptophytes is 128 ± 8, for chlorophytes it is 

130 ± 12 and for all nanophytoplankon it was 129 ± 3 (mol C:mol P). 

C:P was higher than Redfield for both experiments (Figures 5.8 and 

5.9) so they were never P-limited. This would be expected to change 

in continuous cultures rather than in batch cultures. Lower C:P ratios 

under nutrient replete conditions indicate that species use more 

phosphorous relative to carbon, so when phosphorous is limited in 

nature, nanophytoplankton may be outcompeted by cells that 

generally have a lower C:P ratio.  
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5.5.4  Chlorophyll a:C 

 

In order to compete in changing environmental conditions, members 

of the phytoplankton are able to change their cellular composition (on 

a timescale from hours to days) in a process known as acclimation. 

One measure of this physiological change is the chlorophyll a to 

carbon ratio which is a good indicator for measuring biomass and 

primary production.  

It is known that with increases in temperature chlorophyll a increases 

linearly in relation to carbon. The Chl a:C results for the 

nanophytoplankton PFT confirm that there is a linear increase in Chl 

a:C with increasing temperature. Additionally, chlorophyll a: C ratios 

increased linearly with decreasing light intensity. At low light, more 

nitrogen is required for chlorophyll a synthesis and at low 

temperatures there is a decline in the chlorophyll a quota due to 

chlorosis (Geider et al., 1998).  

The chlorophyll a quotas for the haptophytes ranged from 0.04 – 3 pg 

Chl a cell-1 (mean = 0.77 pg Chl a cell-1, n = 4). For the chlorophytes, 

chlorophyll a quotas ranged from 0.05 – 2.6 pg Chl a cell-1 (mean = 

0.53 pg Chl a cell-1, n = 4). For the chrysophyte the chlorophyll a 

quota ranges from 1.5 – 4.3 pg Chl a cell-1 (mean = 2.4 pg Chl a cell-1, 

n = 1). For the dinoflagellate, the chlorophyll a quota ranged from 22 

– 166 pg Chl a cell-1 (mean = 66 pg Chl a cell-1, n = 1).  

5.6 Conclusions 

Nanophytoplankton alters its elemental stoichiometry and assimilates 

nutrients in excess of its requirements under nutrient saturation in 

response to changing environmental conditions, there is no 

statistically significant difference between nanophytoplankton and the 

Redfield ratios (Paired T-test P = 0.36).  
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The defining use of the Redfield ratio in plankton physiology cannot 

necessarily be taken as the only explanation for biogeochemical 

cycling of carbon and nutrients. It may not be an entirely accurate tool 

to describe limiting nutrients. It is well known that phytoplankton 

cells can acclimate to environmental conditions by changing the 

proportional of their elemental components towards a homeostatic 

protein-rRNA ratio e.g. C and N-rich proteins or pigments, or P-rich 

RNA in order to compete and maximize growth, or reduce the impacts 

of damage such as photoinhibition. It is also known that 

phytoplankton up take nutrients in excess of their requirements under 

replete conditions (lower N:P ratios and C:N similar to those 

described by Redfield). Although Redfield remains a useful 

comparative tool, the deviations from Redfield are important enough 

that they can be seen on a global scale (geographical and seasonal 

differences). This further indicates the importance for plankton 

physiological data, as well as perhaps rethinking the use of traditional 

methods such as constraining phytoplankton into biogeochemical 

functional groups.   

The elemental stoichiometry in this thesis do not statistically deviate 

from Redfield under nutrient replete conditions, perhaps this is 

because the plankters are striving towards homeostasis, and this is 

what Redfield saw in his original experiments. For example, where 

plankton strategies differ, one group may outcompete another until a 

homeostatic balance is achieved. Perhaps Redfield is simply only able 

to predict a global balance where the status quo exists.  

These findings can contribute to the understanding of variability in 

C:N:P ratios in nanophytoplankton and their subsequent luxury 

nutrient quotas. Species-specific variability needs to be taken into 

account when defining PFTs and the wide variety of cell volumes as 

an adaptive response within nanophytoplankton can further confuse 

the defining nutrient parameters for nanophytoplankton. These results 

reflect the need for continuing empirical data on PFTs for elemental 
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composition and species specific differences for nutrient saturated and 

especially nutrient limited conditions.   

5.7  Appendix  

 

Figure 5.12 The top plot shows mean growth rate versus mean cellular C,N and P 

quotas and the bottom plot shows mean growth rate versus mean nutrient density for 

all nanophytoplankers.  
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6 Chapter 6: Discussion 
 

6.1 Temperature effects on physiology 

This research was conducted with the intent of characterizing the physiological 

parameters of nanophytoplankton in order to inform on modelling in 

PlankTOM10. The results from this thesis show that nanophytoplanker cannot 

be characterized as a PFT. Nanophytoplankton doed not follow all of the 

distinct characteristics governing the conceptual groupings of other PFTs. 

More data are required to parameterize the model.   

For example, from Chapter 3 (temperature limitation) experiments were 

conducted on ten nanophytoplanker species from four classes and over a broad 

range of temperatures (0 – 32°C). Three fits (linear, exponential and optimum 

function) were calculated to the empirical data and there was significant 

support for two hypotheses: the temperature dependent maximum growth rates 

of single nanophytoplanker species fit best to an optimum function and the 

temperature dependent maximum growth rates of a nanophytoplanker PFT fit 

best to an optimum function. Therefore for nanophytoplankon optimum growth 

rates, optimum temperature and temperature tolerance ranges are the best 

parameters to identify nanophytoplankton temperature dependent physiological 

responses. 

The use of Q10 and µmax0 in biogeochemical models for temperature dependent 

physiological responses therefore may be inappropriate for nanophytoplankton. 

Two of the species showed statistical significance for a linear relationship 

(non-linear curve-fitting regression) between growth rate and temperature – M. 

pusilla (P = < 0.001; r2 = 0.84; mean slope = 0.03 ± 0.009) and S. trochoidea 

(P = < 0.001; r2 = 0.60; mean slope = 0.02 ± 0.008). If growth rate responds 

linearly, this may suggest that the use of the Q10 could be inappropriate.  
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Data were also fitted to a 99% exponential quantile, but this gave a poor fit, 

and overall the results contradict that of Eppley (1972) and Bissinger et al. 

(2008). The Q10 value was also much lower than Bissinger (2008). 

Furthermore, the data from the other PFTs do not follow the Eppley curve, 

collectively; these PFTs differ from Eppley by 63% and differ from Bissinger 

by 73%.  

It was hypothesized, that due to their smaller sizer, nanophytoplankers would 

have high growth rates. Additionally, since the majority of the 

nanophytoplankers were isolates from subtropical and tropical latitudes, it was 

hypothesized that they would be well adapted to warmer temperatures since 

algae tend to grow below their Topt (to allow for interspecific competition). 

Although there was no significant relationship between Topt and µopt, data 

from Figure 3.6 contradicts this hypothesis because it shows 

nanophytoplankers are not well adapted to higher temperatures. With 

increasing climate change and warming of SST, nanophytoplankton may be 

outcompeted by faster growing PFTs or those with much higher Q10 values. 

Since nanophytoplankers do not follow an exponential curve at warmer 

temperatures, the increase in global SST with increasing climate change may 

have a negative effect, especially for those geographically distributed close to 

their Topt. With global warming, existing temperature niches will likely move 

north and newly created niches in the tropics might not be suitable for 

nanophytoplankton.  

Generally, there is an expected intraspecific inverse relationship between cell 

volume with increasing temperature (and growth rates) (Brown et al., 2004), 

and an interspecific expectation that there is a decrease in growth rate with 

increasing cell volume, nanophytoplankers show either a positive relationship, 

or a very smaller dependence of cell volume on growth rate. However, Figure 

3.10 shows that for nanophytoplankers the optimum growth rate decreased as a 

function of the cell volume. The fit to Equation 3.5 shows a relatively small 

dependence on cell volume with an exponent of -0.095 (vs. -0.13 Sarthou et al., 

2005 and -0.32 Buitenhuis et al., 2008). This result is a further indication that 

nanophytoplankton does not conform to expectations from the literature.  
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6.2 Light effects on physiology 

Furthermore, in Chapter 4 light limited experiments were conducted on five 

nanophytoplanker species from two classes over a range of light intensities 

from 15 – 430 μmol photons m2 s-1. Growth rates were measured in species 

acclimated to specific light intensities. Instantaneous response rates of 

photosynthesis were also measured at different light intensities. From these 

measurements, five photophysiological parameters were derived including the 

maximum photosynthesis rate (PC
max), respiration rate (resp), the initial slope 

of the PI curve (achl), light inhibition (βchl) and the maximum chlorophyll to 

carbon ratio (θmax) by fitting the measurements to a dynamic photosynthesis 

model. The first four parameters were also defined directly from curve fits to 

the photosynthesis vs. light (PE) curves.  

To define nanophytoplankton as a PFT, it was expected that the 

photophysiological parameters would best fit to a dynamic model (Geider et 

al., 1996, 1998). This hypothesis was tested and rejected based on the results of 

the AIC. The AIC indicated that in fact the acclimated model is a better fit than 

the dynamic model (-3.75 vs. -0.95). If the difference is greater than 2 it is said 

to be statistically different.  

Within nanophytoplankton there was a statistically significant species-specific 

difference between the growth rates within the haptophytes and between the 

two chlorophytes. However, there was no significant difference when taken 

collectively.  

Size is an important indicator of phytoplankton physiology. The geometry of 

cells determines the photosynthetic capacity of cells via absorption and 

diffusion. Size determines the loss by sedimentation which is important for 

climate change modeling and carbon export. It is also important for surface-to-

volume ratios relevant for determining nutrient uptake strategies. µmax is also 

an important indicator of phytoplankton physiology because species with too 

low a µmax will be naturally selected against. Evolutionarily speaking, it makes 

sense to adopt a higher µmax under sufficient resources to combat the 

environmental experiences of resource fluctuations and mortality. Therefore 
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scaling µmax with cell volume is used to help characterize phytoplankton 

physiology. Previous studies have used either a Euclidean 2/3 volume scaling 

exponent, or a metabolic theory ¾ volume scaling exponent. However, 

literature reviews have seen strong deviations in phytoplankton responses from 

both of these scaling exponents. Perhaps this is due to different methods (e.g. 

biovolume vs. carbon weight). Both photosynthesis and growth differ by losses 

in respiration, which also scale with size. The common variable among all 

phytoplankton is metabolism, but other factor that need to be take account of 

include taxonomic differences, physiological state as well as cell shape.  

Results from this thesis indicate that the light dependent maximum growth 

rates increases with increasing cell volume for nanophytoplankton (i.e. µmax 

scales with cell volume). However, a non-uniform scale has also been proposed 

(Wirtz, 2011), particularly to predict the response of smaller cells. For 

example, the ¾ scale exponent generally predicts very high µmax; something in 

the order of 5 d-1 therefore may only be relevant to macro phytoplankton.  

Between the chlorophytes and the haptophytes, there was a statistically 

significant difference in photoinhibition. These results further indicate the 

diversity of physiological responses, and therefore the difficulties in PFT 

classification.  

6.3 Nutrient effects on physiology  

In Chapter 5, the physiological variability in nutrient stoichiometry under 

differing temperature conditions is presented for ten species of 

nanophytoplankton from four classes and under differing light conditions for 

five nanophytoplanker species from two classes. The hypothesis tested was that 

members of the nanophytoplankton assimilate nutrients in excess of their 

requirements by altering their elemental composition under nutrient saturated 

conditions resulting in N:P (18 vs.16); C:P (143 vs.106) and C:N (8.6 vs. 6.6) 

ratios that are higher than Redfield. The results from the tested temperature and 

light conditions confirm the hypothesis that members of the nanophytoplankton 

assimilate nutrients in excess of their requirements. 
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Nanophytoplankers do not have nutrient quotas statistically different from 

Redfield under nutrient saturated conditions. These results are actually positive 

for PFT modeling since constant Redfield models are assumed. Despite this, 

literature reviews have seen significant deviations from Redfield. For 

modelling purposes deviations from Redfield are used to infer the limiting 

nutrient, and although nanophytoplankers do deviate from Redfield (not 

significantly), N:P ratios were never in excess of 30:1 (not P-limited) and were 

never less than 10:1 (not N-limited). These ratios would be expected to change 

under nutrient deplete experiments.  

Nutrients, light and temperature can affect C:N. In particular C:N can increase 

significantly when cells are subject to nutrient stress. Since these experiments 

were conducted under nutrient saturated conditions, this further demonstrates 

the need for nutrient limited data on the nanophytoplankton.  

These findings can contribute to the understanding of variability in C:N:P 

ratios in the nanophytoplankton and subsequent luxury nutrient quotas. 

Species-specific variability needs to be taken into account when defining PFTs. 

There is a statistically significant difference between C, N and P content and 

cell volume for nanophytoplankers (P = < 0.01). Quigg et al., 2003 suggest that 

further interpretation of PFT variation can be achieved by analysing the micro 

nutrient ratios as well as those of the macronutrients.  

6.4 General conclusions and future work  

Overall, this study provides good evidence that nanophytoplankton is not well 

adapted to high temperatures and therefore will likely be negatively affected by 

climate change (Figure 3.6). Evidence shows increasing SST over the past 

century has caused a decline of ~1% of global phytoplankton biomass per year 

(Boyce et al., 2010), but the majority of this loss seems to be from larger 

eukaryotic PFTs like diatoms (which contribute to ~25% of the global carbon 

fixation (Field et al., 1998; Toseland et al., 2013). Increasingly there is 

evidence of shifts towards smaller size classes like nanophytoplankton and 

picophytoplankton. However, the current physiological responses of 

nanophytoplankton to climate change suggest that they would be negatively 
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affected, unless the complex environmental factors influencing their 

distribution also alter (e.g. possible reduction of competition from grazing 

pressures).  

Nanophytoplankton demonstrates significant differences in its physiological 

responses to climate change indicators, reflected by its geographical 

distribution and temperature optima for growth. The increasing interspecific 

importance of cell size with climate change and stratification and the decrease 

in cell volume with growth rates that vary between species further demonstrate 

the diversity of nanophytoplankers. 

Because nanophytoplankton may be affected negatively by climate change, it is 

important to investigate and include the physiological responses of this diverse 

group to understand fully the ecological niche of this PFT and biogeochemical 

cycles within the ocean and consequently, the impact on the biological pump 

and the global carbon cycle. In particular, it is important to study N-limitation 

and N:P ratios with increasing temperature.  

Phytoplankton cultures are extremely important for investigating the 

physiological effects of climate change empirically. However, the strain of alga 

is often bought from culture collections or has been isolated from its natural 

environment for up to 17 years (as in this present study), which may have 

caused it to differ genetically from its natural counterparts. Generally, those 

physiological adaptations gleaned from experimental data can be representative 

of evolutionary adaptations in natural environments. However, increasingly, it 

is suggested that it is entirely plausible that the measured physiological 

responses under controlled laboratory conditions can be indicative of 

evolutionary adaptations to and/or non-adaptive changes to those controlled 

laboratory conditions rather than those imposed by their natural environment 

(Lakeman, 2009).    

To address this, one aspect of future work should include the isolation of the 

same species from the same location as the original culture collection. 

Experiments should be repeated to see if there is any change from laboratory 

conditions. In addition, another caveat of using laboratory controlled 
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experiments is that it not always possible to account for all parameters in the 

laboratory that are present in nature.  

Nevertheless, while trying to address these caveats, more empirical 

physiological responses are required for a wider variety of nanophytoplanker 

species, particularly for nutrient limitation and nutrient saturation to 

parameterize biogeochemical models. Applying Redfield ratios to PFT 

physiological responses can help define what is actually occurring within a 

PFT because nutrient stoichiometry does not differ significantly between 

nanophytoplankton classes under different and changeable environmental 

conditions. For example, in the literature it is generally expected that cell 

volume can decrease as carbon quotas increase, which can lead to N-limitation. 

However, the results from this thesis suggest that nutrient quotas increase with 

increasing cell volume (Figure 5.3). 

Nanophytoplankton is an important competitor in the Southern Ocean and 

therefore species isolated from this geographical location would be beneficial 

for future investigation. For nutrient limitation experiments, nutrients other 

than carbon, nitrogen and phosphorus should be considered. For example, as 

alluded to, nanophytoplankton is important in the Southern Ocean where it has 

been suggested that iron is the limiting nutrient for growth. These 

investigations would improve the current understanding of nanophytoplankton 

physiological responses in high nutrient low chlorophyll (HNLC) geographical 

regions.  

In temperate water, nanophytoplankton contribution to carbon fixation is 30 – 

50% and higher than the total chlorophyll a concentrations – 10 – 20% 

(Poulton et al., 2006). Changes in light intensity cause variations in 

photosynthesis and respiration rates and are controlled in geographical regions 

where light and temperature fluctuate seasonally. Temperature changes 

indirectly control algal community succession in these areas via the 

development of a thermocline. However, nanophytoplankton is also 

predominant throughout the water column irrespective of stratification or well 

mixed waters (Uitz et al., 2006). Nanophytoplankton also does well in 
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oligotrophic waters like the Southern Ocean (in number, not biovolume) 

(Jickells et al., 2007) and in HNLC regions (Detmer et al., 1997; Palevsky et 

al., 2013). In oligotrophic waters they are suggested to contribute 45% of the 

biomass cf. 21% in eutrophic water (Uitz et al., 2006) but with tripled 

chlorophyll a content in eutrophic water vs. oligotrophic water (Uitz et al., 

2006).   

Future work should include polar isolates as well as genetic analyses of HNLC 

species to establish if nanophytoplankton is not well adapted to higher 

temperatures. Additionally, adaptation vs. acclimation could be studied – 

especially where the use of culture collections vs. natural isolates are 

concerned. Modelling is an incredibly important aspect of climate change 

responses in the marine environment and therefore they must incorporate more 

physiological data simply because of the high diversity of physiological 

responses across plankton species and PFTs. Finally, nutrient limitation needs 

to be studied to inform on physiological responses to resource limitation.   
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