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Abstract 

Anthropogenic activities have affected the global climate rapidly; different 

environmental factors important for oceanic productivity have been altered. The 

concurrent changes in multiple environmental drivers affect the physiology of marine 

phytoplankton, both individually and interactively, in a complex way. Emiliania huxleyi, 

the most abundant and widely-distributed coccolithophore in the ocean, is a model 

organism for understanding the marine carbon cycle. As a calcifying species, E. huxleyi 

is considered particularly susceptible to the increasing surface seawater CO2 

concentration and decreasing pH, termed ocean acidification. The thesis presents a 

series of step-wise studies on the controls of five environmental drivers (nitrate 

concentration, phosphate concentration, irradiance, temperature and CO2) on the 

physiology of a southern hemisphere E. huxleyi strain isolated from the Chatham Rise, 

New Zealand. The goal of this thesis is to examine the importance of ocean 

acidification relative to four other environmental drivers both individually and 

interactively on the physiology of the ecologically important coccolithophore species. 

First, E. huxleyi strain NIWA 1108 was subjected to a series of semi-continuous 

incubation experiments by changing the conditions of one environmental driver at a 

time. The importance of each environmental driver on each measured physiological 

metric of E. huxleyi was ranked using a semi-quantitative approach by comparing the 

percentage change caused by each environmental driver on the measured physiological 

metrics at the projected conditions for the year 2100 relative to the present day 

conditions in the Chatham Rise, New Zealand. The results reveal that a 33% decrease 

in nitrate concentration played the most important role in controlling the growth, 

photosynthetic and calcification rates of E. huxleyi; rising pCO2 decreased the 

calcification:photosynthesis and cellular particulate inorganic carbon:particulate 

organic carbon ratios the most; warming was the major driver controlling both cellular 

particulate organic carbon and particulate inorganic carbon contents; and nutrient 

concentrations were the most important drivers regulating the cellular particulate 
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nitrogen and cellular particulate phosphorus contents of E. huxleyi. 

Then a two-way (ocean acidification plus changes in either nitrate concentration, 

phosphate concentration, irradiance or temperature) and multiple factorial 

(manipulation of all the five environmental drivers) manipulation experiment was 

conducted. The results exhibited an interesting connection with the single 

environmental driver effects: interaction of ocean acidification and a 33% decrease in 

nitrate concentration had the largest synergistic negative effects on most of the E. 

huxleyi physiological metrics among all the two-way factorial manipulations. The 

simultaneous manipulation of all the five environmental drivers to the projected future 

(2100) conditions had the most prominent negative effects on the growth, 

photosynthetic and calcification rates of E. huxleyi. 

Finally, the gene expression study suggests that changing pCO2 probably affects 

E. huxleyi photosynthesis and calcification through regulating the carbon concentrating 

mechanism and pH homeostasis at the molecular level. Furthermore, the substantial 

down-regulation of most of the investigated genes associated with inorganic carbon 

acquisition and calcification by multi-factorial manipulation of all the five 

environmental drivers indicates a link between significant suppression of functional 

genes and the substantially decreased physiological rate processes (growth, 

photosynthetic and calcification rates) in E. huxleyi. 

Overall, the thesis reveals that other environmental drivers may play more 

important roles than ocean acidification in regulating the physiological responses of E. 

huxleyi, and suggests that the interplay between ocean acidification and other drivers is 

likely to have antagonistic, additive or synergistic effects on different physiological 

metrics of E. huxleyi. The thesis contributes to our understanding of how the 

physiology of E. huxleyi will respond to the concurrent changes of multiple 

environmental drivers.   
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Chapter 1.  General introduction 

1.1 Ocean acidification and global change 

Understanding how global climate change will affect our planet is attracting 

more and more attention. Carbon dioxide (CO2) emissions by anthropogenic activities 

have released 555 (470 to 640) Gt C into the atmosphere from year 1750 to 2011, 

which has increased the atmospheric CO2 concentration by 40% since pre-industrial 

times, and it is still increasing at a rate of ~ 0.4% per year according to the 

Intergovernmental Panel on Climate Change (IPCC) 2013 report. By the end of this 

century, its concentration is predicted to triple the pre-industrial level and reach around 

750 ppm for a “business-as-usual” scenario (Stocker et al., 2013). As the oceans absorb 

most of the fossil-fuel derived CO2 from the atmosphere (Caldeira & Wickett, 2003), 

this will consequently change the carbonate buffer system in the upper ocean, resulting 

in lower pH values of seawater, higher bicarbonate (HCO3
-) concentrations and lower 

concentrations of carbonate (CO3
2-), termed “ocean acidification”. The pH of the sea 

surface has decreased by 0.1 on average since 1750, and has been dropping at a rate of 

0.02 per decade for the last 20 years (Stocker et al., 2013). By the year 2100, surface 

seawater pH and CO3
2- concentration will decrease by 0.4 and 50%, respectively 

(Wolf-Gladrow et al., 1999; Caldeira & Wickett, 2003). Furthermore, the lower CO3
2- 

concentration will result in a shallower critical depth of calcium carbonate (carbonate 

saturation horizon), below which calcium carbonate is under-saturated and dissolves 

(Stocker et al., 2013). 

Along with ocean acidification, other important environmental factors are also 

predicted to change in the context of global change (Rost et al., 2008). Atmospheric 

CO2 concentration plays a very important role in global climate by changing the earth’s 

radiation budget, temperature, meteorology, and hydrology (Kiehl & Trenberth, 1997). 

It has been reported that the global average temperature has risen by 0.85°C (0.65°C to 

1.06°C) from the year 1880 to 2012 (Stocker et al., 2013). Some models also indicate 
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that the average sea surface temperature (SST) will increase by another 1-4°C over the 

next 100 years (Bopp et al., 2001). In addition, climate change will alter the 

atmospheric pressure gradient and wind fields, thus enhancing the upwelling in eastern 

boundary currents (Harley et al., 2006); but in the meanwhile, surface seawater 

freshening from ice melt and changing rainfall patterns could also dramatically 

intensify oceanic stratification and lead to shallower mixed layer depth in some areas 

(Sarmiento et al., 2004). Changes in the mixed layer depth will in turn alter the 

integrated irradiance level and nutrient availability in the sub-surface layer of the ocean 

that marine phytoplankton will experience in the future (Boyd & Doney, 2002). 

Decreased concentrations of dissolved inorganic nitrogen and phosphate of surface 

waters in the North Pacific have been observed during the past 20 years (Freeland et al., 

1997; Watanabe et al., 2005). The predicted future changes of the major environmental 

conditions that will affect marine phytoplankton physiology and ecology in the surface 

seawater for the end of this century are presented in Fig. 1.1, modified from Rost et al. 

(2008). 
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Fig. 1.1. Predicted future changes of pCO2, temperature, pH and nutrient input in the surface 
seawater, modified from Rost et al. (2008). By the end of this century, atmospheric pCO2 will 
increase to ~ 750 ppm; surface seawater pH will decrease by 0.14-0.35 pH units; and sea surface 
temperature will increase by 1-4°C. In addition, intensified density stratification will lead to a 
shallower mixed layer depth, and increase the average irradiance above the thermocline; thus the 
nutrient input into the sea surface by mixing from deep bottom waters will be decreased. 
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1.2 Marine phytoplankton and ocean acidification 

Marine phytoplankton, the major primary producers in the oceans, are the basis 

of the marine biological carbon pump, through which photosynthetically fixed carbon is 

exported into deep ocean (Field et al., 1998). They are responsible for approximately 50% 

of the global carbon production and their responses to global climate change will affect 

the global biogeochemical cycles (Falkowski et al., 1998; Falkowski & Raven, 2007). 

Therefore, marine phytoplankton have become an important focus of the marine 

ecosystem in the global change related research. 

The photosynthetic carbon fixation of marine phytoplankton is mainly limited 

by the concentration of diffusive CO2 and the affinity of ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RubisCO) for free CO2 in seawater (Reinfelder, 2011). The 

enzyme RubisCO evolved under relatively high CO2 and low O2 conditions (Falkowski 

& Raven, 2007), thus its affinity for CO2 is low (Rost et al., 2008). In general, the 

present sea surface CO2 concentration (<10~30 µM) is below the half-saturation 

constant of most phytoplankton photosynthetic processes (Badger et al., 1998). Most 

marine phytoplankton have developed a carbon concentrating mechanism (CCM) 

involving the activity of the enzyme carbonic anhydrase (CA) both extra- and intra- 

cellularly for HCO3
- utilization, and CO2/HCO3

- transport, and a possible C4 carbon 

pump in diatoms, in order to support photosynthesis by providing a steady and higher 

CO2 supply to RubisCO (reviewed by Reinfelder, 2011). Since the CCM in 

phytoplankton is an energy-consuming activity, rising CO2 concentration in the 

seawater may benefit phytoplankton photosynthesis. On the other hand, the efficiency 

and regulation of CCM varies in different marine phytoplankton groups, therefore 

species with low affinities for seawater inorganic carbon are more sensitive to CO2 

concentration changes than species with highly efficient CCMs (Rost et al., 2008 and 

references therein). These different CCM efficiencies suggest that the future changes in 

the seawater carbonate system may have important effects on phytoplankton 

assemblage succession, and further influence the biogeochemistry of the marine 
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ecosystem. 

1.3 Marine coccolithophores and their responses to ocean acidification 

Coccolithophores (phylum Haptophyta, class Prymnesiophyceae) are globally 

distributed and contribute about 50% of the oceanic CaCO3 production (Milliman, 

1993). This group is an important part in the global carbon cycle through both organic 

production by photosynthesis and CaCO3 production by calcification; the latter may 

further change the sea surface carbonate system in terms of releasing CO2 and 

decreasing seawater alkalinity (Riebesell et al., 2009):  

Ca2+ + HCO3
- � CaCO3 + H2O + CO2           (Eq. 1.1). 

Most of the particulate inorganic carbon produced by coccolithophores is 

exported to the deep ocean (Milliman, 1993; Westbroek et al., 1993), as a consequence 

of the high density of coccoliths (the CaCO3 plates that the cells produce) and the 

presence of a protective organic coating on the coccoliths’ outer surface (Thierstein et 

al., 1977). Moreover, the coccoliths may act as ballast associated with the export of 

organic carbon, such as fecal pellets and transparent exopolymeric particles, thereby 

accelerating the sinking of organic matter into the deep ocean (Goldman et al., 1979; 

Pedrotti et al., 2012; Raven & Crawfurd, 2012). As such, coccolithophores are 

important in both the marine organic carbon pump and the carbonate counter pump; and 

the ratio between particulate organic carbon (POC) production and particulate inorganic 

production (PIC) have implications in the marine rain ratio (Rost & Riebesell, 2004). In 

addition, coccolithophores play an important role in the marine sulphur cycle as they 

release dimethyl-sulphide (DMS) gas into the atmosphere (Holligan et al., 1993).  

Emiliania huxleyi is the most cosmopolitan coccolithophore in the ocean 

(Westbroek et al., 1993) with a world-wide distribution, except for the polar areas, 

forming vast spring blooms in temperate regions (Holligan et al., 1983). This species 

has been selected as a model organism for understanding the marine carbon cycle 



6!

(Westbroek et al., 1993). In both New Zealand (Rhodes et al., 1995; Bojo, 2001) and 

Australian (Hallegraeff, 1984; Le Roi, 2000) coastal waters, E. huxleyi is one of the two 

major coccolithophore species forming extensive blooms, the other species being 

Geophyrocapsa oceanica. E. huxleyi blooms usually form in the colder waters in the 

south (for example, in the Big Glory Bay, Stewart Island; Rhodes et al., 1995). 

1.3.1 Responses of marine coccolithophores to ocean acidification 

Due to their importance in marine biogeochemical cycles and their sensitivity to 

changes in the seawater carbonate system, coccolithophores have been a focus of ocean 

acidification research (Riebesell et al., 2000b; Fabry et al., 2008; Rost et al., 2008). 

Coccolithophores in general possess a low-affinity CCM, with an inefficient dissolved 

inorganic carbon (DIC) pump (Sekino et al., 1996), and low CA activities (Sikes & 

Wheeler, 1982; Rost et al., 2003). Photosynthesis of some species such as E. huxleyi is 

below saturation under the current seawater CO2 concentration (Paasche, 1964; 

Riebesell et al., 2000b; Rost et al., 2003). Therefore, elevated CO2 levels may favor the 

growth and photosynthesis of this group, and this has been observed by both laboratory 

incubation studies (Riebesell et al., 2000b; Berry et al., 2002; Zondervan et al., 2002; 

Feng et al., 2008), and by experiments on natural phytoplankton communities (Engel et 

al., 2005). 

The calcification process in coccolithophores is particularly sensitive to ocean 

acidification (Raven & Crawfurd, 2012). Although the general trend of reduced 

calcification by calcifying groups has been observed (Riebesell et al., 2000b), some 

recent studies found different responses of different species of coccolithophore to 

changes in the seawater carbonate system. Two different species of coccolithophore, 

Coccolithus pelagicus and Calcidiscus leptoporus, from batch incubation experiments 

showed different responses to seawater carbonate chemistry changes (Langer et al., 

2006). PIC production in C. pelagicus cultures stayed constant under different CO2 

concentrations; however, for C. leptoporus, PIC production was highest under the 

present day pCO2 level (~360 ppm) and decreased under both lower pCO2 (98 and 216 



7!

ppm) and elevated pCO2 levels (up to ~1000 ppm), and these changes correlated well 

with the cell morphology (Langer et al., 2006). Similarly, Krug et al. (2011) observed 

that decreased calcification of Coccolithus braarudii only under high CO2 

concentrations (>1000 ppm), and further suggested that the cause for species-specific 

responses of coccolithophores to ocean acidification might be the different sensitivities 

(i.e. the optimum concentrations for carbonate system) for photosynthesis and 

calcification among different species. A study on the coccolithophore calcite mass of 

samples from the present ocean and geological records showed a significant pattern of 

decreased calcification with elevated CO2 concentrations; however, a heavily calcified 

E. huxleyi morphotype was found in low pH waters (Beaufort et al., 2011). Smith et al. 

(2012) also reported that more calcified morphotype of E. huxleyi dominated in more 

acidic environments in the Bay of Biscay, a finding that is opposite to most of the 

previous findings. 

For the cosmopolitan coccolithophore species E. huxleyi, most research 

indicates decreased calcification under higher pCO2 conditions (Riebesell et al., 2000b; 

Zondervan et al., 2001; Feng et al., 2008); however, contradictory results of increased 

calcification by increasing CO2 concentration have also been reported 

(Iglesias-Rodriguez et al., 2008; Shi et al., 2009). Along with the effects on 

calcification, changes in coccolith morphology caused by a changing seawater 

carbonate system have also been observed. Scanning electron microscope (SEM) 

photographs showed significant malformed coccoliths in E. huxleyi and Gephyrocapsa 

oceanica when pCO2 increased from 300 ppm to 750 ~ 800 ppm (Riebesell et al., 

2000b), whereas some other research (e.g. Feng et al., 2008) found no significant 

malformation under high pCO2. Four different strains of E. huxleyi (RCC1212, 

RCC1216, RCC1238, RCC1256) incubated in dilute batch culture under four pCO2 

levels (from 200 µatm to 1200 µatm) showed strain-specific sensitivity of POC and PIC 

production and morphology to seawater carbonate chemistry change (Langer et al., 

2009; Langer, 2011).  

A search in April 2014 revealed a total of 379 peer-reviewed publications on the 
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OA effects on E. huxleyi in the Web of Science core-collection database, by searching 

with the key words of “Emiliania huxleyi” and “ocean acidification” or “Emiliania 

huxleyi” and “CO2”. Some results from previously published CO2 manipulation 

experiments on E. huxleyi are summarised in Table 1.1, and suggest the diverse 

responses of E. huxleyi to OA in terms of growth rate, POC productivity, PIC 

productivity, cellular POC content, cellular PIC content and cellular PIC:POC ratio. 

The diversity of physiological responses of E. huxleyi elucidates the complexity in 

understanding the regulation mechanisms on this ecologically important calcifier by 

changes in seawater carbonate chemistry. The possible mechanisms behind the 

responses of E. huxleyi calcification to OA will be further discussed in the following 

section.    
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Table 1.1. Response patterns of Emiliania huxleyi to changes in pCO2 (pCO2 range) summarised from published studies, considering the isolation location, incubation 
conditions (nitrate, phosphate, irradiance and temperature) and seawater carbonate chemistry manipulation methods (CO2 man.) in terms of growth rate (µ), particulate 
organic carbon productivity (POC prod.), particulate inorganic carbon productivity (PIC prod.), cellular particulate organic carbon (POC) content, cellular particulate 
inorganic carbon (PIC) content and the cellular PIC:POC ratio. “↑” represents increase, “↓” represents decrease and “↔” represents no significant change. POC prod./PIC 
prod. with asterisks (*) indicate productivities calculated based on growth rate and cellular POC and PIC contents instead from direct measurements. 

E. huxleyi Strain 
Isolation 

location 

Nitrate 

µM 

Phosphate 

µM 

Irradiance 

µmol photons 

m-2 s-1 

Temp. 

°C 

pCO2 range 

ppm 
µ 

POC 

prod. 

PIC 

prod. 

Cellular 

POC 

Cellular 

PIC 
PIC:POC 

CO2 

man.*** 
Reference 

AC481 North Sea 32 1 150 13 180,379,740 ↓   ↔ ↔ ↔ 1 De Bodt et al. (2010) 

AC481 North Sea 32 1 150 18 180,379,740 ↔   ↔ ↔ ↔ 1 De Bodt et al. (2010) 

AC 472 diploid South Pacific 160 10 160 19 400, 760 ↑   ↔ ↑ ↑ 1 Fiorini et al. (2011) 

AC 472 haploid South Pacific 160 10 160 19 400, 760 ↑   ↓   1 Fiorini et al. (2011) 

Bergen North Sea 88 3.6 140 16 380-1000 ↓   ↑ ↓ ↓ 3; long-term Müller et al. (2010) 

CCMP371 Sargasso Sea 882 36.2 50 20 380, 750 ↔ ↑  ↔ ↔ ↔ 1 Feng et al. (2008) 

CCMP371 Sargasso Sea 882 36.2 400 20 380, 750 ↑ ↑  ↔ ↓ ↓ 1 Feng et al. (2008) 

CCMP371 Sargasso Sea 882 36.2 50 24 380, 750 ↔ ↑  ↔ ↔ ↔ 1 Feng et al.(2008) 

CCMP371 Sargasso Sea 882 36.2 400 24 380, 750 ↑ ↔  ↔ ↓ ↓ 1 Feng et al. (2008) 

Ch 24-90 North Sea 250 25 300 15 50-780 ↔ ↑ ↑   ↔ 1 Buitenhuis et al. (1999) 

Natural 

population 
North Sea 15.3 0.5 

127-836 

95% of I0
** 

10-13 190-713    ↓  ↓ 1 Engel et al. (2005) 

Natural 

Population 
North Atlantic 5 0.31 30% of I0

** 12 390,690  ↔ ↔   ↔ 1 Feng et al. (2009) 

Natural 

Population 
North Atlantic 5 0.31 

100-300    

30% of I0
** 

16 390, 690  ↔ ↓   ↓ 1 Feng et al. (2009) 

NZEH South Pacific 100 6.25 150 19 280-750 ↓   ↑ ↑ ↔ 1 
Iglesias-Rodriguez et al. 

(2008) 

NZEH South Pacific 100 6.25 150 20 380, 750 ↔   ↔ ↔ ↔ 1 Shi et al. (2009) 
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E. huxleyi Strain 
Isolation 

location 

Nitrate 

µM 

Phosphate 

µM 

Irradiance 

µmol photons 

m-2 s-1 

Temp. 

°C 

pCO2 range 

ppm 
µ 

POC 

prod. 

PIC 

prod. 

Cellular 

POC 

Cellular 

PIC 
PIC:POC 

CO2 

man.*** 
Reference 

NZEH South Pacific 100 6.25 150 20 380, 750 ↑   ↑ ↑ ↓ 3 Shi et al. (2009) 

NZEH South Pacific 100 6 170 15 200-1200 ↔ ↔* ↓* ↔ ↓ ↓ 3 Hoppe et al. (2011) 

NZEH South Pacific 100 6 170 15 200-1100 ↔ ↔* ↓* ↔ ↓ ↓ 1 Hoppe et al. (2011) 

NZEH South Pacific 150 3 120 19 250-1314    ↑ ↑ ↔ 2 Rouco et al. (2013) 

NZEH South Pacific 3 3 120 19 250-1314    ↑ ↔ ↓ 2 Rouco et al. (2013) 

NZEH South Pacific 150 0.2 120 19 250-1314    ↑↔ ↑↓ ↔↓ 2 Rouco et al. (2013) 

PMLB92/11A North Sea 100 6.25 150 15 100-900 ↔   ↑ ↓ ↓ 3 Riebesell et al. (2000b) 

PMLB92/11A North Sea 100 6.25 150 15 100-900  ↑* ↓*   ↓ 3 Zondervan et al. (2001) 

PMLB92/11A North Sea 100 6.25 15, 30, 80 15 100-900 ↔   ↑ ↓ ↓ 3 Zondervan et al. (2002) 

PMLB92/11A North Sea 64 4 150 10 380- 750 ↓ ↑* ↔*   ↓ 2 Sett et al. (2014) 

PMLB92/11A North Sea 64 4 150 15 380-750 ↔ ↑* ↓*   ↓ 2 Sett et al. (2014) 

PMLB92/11A North Sea 64 4 150 20 380- 750 ↑ ↑* ↑*   ↓ 2 Sett et al. (2014) 

RCC1212 South Atlantic 100 6.25 400 20 200-1100 ↓   ↔ ↓ ↓ 3 Langer et al. (2009) 

RCC1216 Tasman Sea 100 6.25 400 17 200-1200 ↔   ↔ ↓ ↓ 3 Langer et al. (2009) 

RCC1216 Tasman Sea 100 6.25 50 15 400-1200 ↔ ↑* ↓* ↑ ↓ ↓ 1 Rokitta & Rost (2012) 

RCC1216 Tasman Sea 100 6.25 300 15 400-1200 ↔ ↔* ↔* ↑ ↔ ↔ 1 Rokitta & Rost (2012) 

RCC1238 North Pacific 100 6.25 400 20 200-900 ↑   ↓ ↔ ↔ 3 Langer et al. (2009) 

RCC1256 North Atlantic 100 6.25 400 17 200-900 ↓   ↑ ↑ ↔ 3 Langer et al. (2009) 

RCC1256 North Atlantic 100 6 170 15 300-1200 ↓ ↔* ↓* ↔ ↑ ↓ 3 Hoppe et al. (2011) 

RCC1256 North Atlantic 100 6 170 15 200-850 ↓ ↓* ↓* ↔ ↑ ↓ 1 Hoppe et al. (2011) 

TW1 
Western 

Mediterranean 
14-15.5 5 170 17 404, 718   ↓ ↓ ↓ ↔ 1 Sciandra et al. (2003) 

** I0 represents the sea surface irradiance. ***CO2 manipulation methods: 1-DIC manipulation by bubbling with air-CO2 mixtures; 2-DIC manipulation by adding NaHCO3/Na2CO3 and HCl; and 3-TA 

manipulation without changing DIC concentration by only adding NaOH or HCl.   
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1.3.2 Mechanisms behind calcification responses of Emiliania huxleyi to ocean 

acidification 

It has been argued that the cause of the reported contradictory responses of E. 

huxleyi to ocean acidification may be explained by the wide range of CO2 perturbation 

techniques and culture conditions used in different research (Riebesell et al., 2008a). In 

general, there are two major CO2 perturbation methods used in ocean acidification 

research: 1. manipulating DIC under constant total alkalinity (TA), by a. bubbling with 

air-CO2 mixtures, b. injecting CO2 saturated seawater, and c. adding NaHCO3/Na2CO3 

and HCl or 2. manipulating TA without changing DIC concentration by only adding 

NaOH or HCl (Gattuso & Lavigne, 2009). As shown in Table 1.1, both DIC and TA 

manipulation techniques were commonly used in the previous studies. Each of these 

methods has its advantages and drawbacks, which are discussed below. 

Shi et al. (2009) suggested that the different response of E. huxleyi strain NZEH 

to TA manipulation and open DIC manipulation was caused by mechanical bubbling 

effects. An experiment on the same strain of E. huxleyi also revealed different patterns 

in the responses between open and closed DIC manipulation methods, but there was no 

significant difference between the closed TA and closed DIC manipulations (Hoppe et 

al., 2011). The authors argued that this difference was induced by bubbling effects and 

cell congregation caused by sedimentation on the bottom, which damaged the cells and 

changed the light and nutrient availability. Hurd et al. (2009) comprehensively 

reviewed the difference between different CO2 manipulation techniques and suggested 

that it is important to choose the method appropriate for different experimental 

requirements depending on the question that the experiment is designed to answer. The 

experimental approach that only changes the DIC concentration while keeps TA 

constant mimics the future change in seawater carbonate chemistry with changes of pH, 

pCO2, [HCO3
-] and [CO3

2-] at the same time. On the other hand, acid/base addition 

changes seawater TA without mimicking the real future carbonate system, but this 

approach can be used to examine the changes of single carbonate species on the 
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physiological responsive mechanism in order to tease apart the effects of change in CO2 

concentration vs. pH (i.e. the hydrogen ion concentration) with special designs. For 

example, Bach et al. (2013) used both approaches by manipulating the medium 

chemistry at constant CO2 concentration and at constant pH to dissect the CO2 and H+ 

effects on E. huxleyi physiology and thus to understand the role that each carbonate 

species plays on the photosynthesis and calcification mechanisms. 

In order to unravel the mechanisms underpinning such contradictory findings of 

calcification responses to ocean acidification, it is essential to understand the process of 

calcification (reviewed by Brownlee & Taylor, 2004); however this is not clearly 

understood based on our current knowledge. In addition, some published results were 

obtained by incubating coccolithophore cells isolated decades ago, and they were 

possibly genetic-drifted from those living in the ocean (Lakeman et al., 2009). Some 

molecular tools have been developed to understand the calcification of 

coccolithophores to selected related genes (Mackinder et al., 2010; 2011). Richier et al. 

(2009) examined the transcripts of the three proteins related with calcification including 

a protein with high percentage of constituent glutamic acid, proline and alkaline (GPA), 

carbonic anhydrase (CA) and camodulin (CaM), and observed higher transcript 

abundances of each protein in calcifying cells, especially at saturated light levels. 

Richier et al. (2011) further investigated the effects of rising pCO2 on four functional 

gene expressions with batch incubation and only found a statistically significant 

down-regulated CA, and there was no significant difference for CaM, GPA and other 

genes related with Cl-/HCO3
- exchangers. Transcriptome analyses suggested different 

gene expressions in the two life stages of E. huxleyi (haploid stage, RCC 1217; and 

diploid stage, RCC 1216): more significant gene activation was observed in the 

calcifying diploid stage, while higher protein turnover rates and higher primary 

metabolism were found in the non-calcifying haploid stage (Rokitta et al., 2011). 

Some underlying mechanisms have been brought forth to explain the different 

responses of calcification to OA. The discovery of a voltage-gated proton (H+) channel 

in coccolithophores raised the possibility that increased concentration of H+ during OA 
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impacted the transport of calcium ions (Ca2+) and inorganic carbon (Ci), or even shut 

down the calcification process (Taylor et al., 2011) in order to remove the excess H+ 

from the cell (Mackinder et al., 2010). On the other hand, as E. huxleyi is a widely 

distributed species, genetic, morphological and physiological variability have also been 

discovered in the natural communities (Cook et al., 2011; Young & Westbroek, 1991; 

Young et al., 2014). A study on three southern hemisphere E. huxleyi strains (types A 

and B/C) suggested that the calcification of morphotype B/C was more sensitive to 

changes in pCO2 than morphotype A (Müller et al., in press). Moreover, the 

coccolithophore calcification process is controlled by multiple environmental factors in 

addition to CO2 concentration, which can affect the responses of calcification to OA 

(reviewed by Raven & Crawfurd, 2012). For example, nitrate and phosphate 

availability (Rouco et al., 2013), nitrogen source (Lefebvre et al., 2012), light 

intensities (Rokitta & Rost, 2012) and temperature (Sett et al., 2014) could all modulate 

the CO2 effects on calcification, either by resource allocation or energy availability.  

1.4 Effects of multiple environmental drivers on Emiliania huxleyi physiology 

As mentioned above, in addition to pCO2, other important environmental factors 

such as irradiance, temperature and nutrient availability are also likely to change 

simultaneously in the frame of global change (as shown in Fig. 1), which are all 

important to marine phytoplankton in terms of their physiology and ecology. Hereafter 

the word “drivers” will be used in this thesis referring to these environmental factors. 

“Driver” is defined as “an environmental change that results in a quantifiable biological 

response, ranging from stress to enhancement” by Boyd & Hutchins (2012). The effects 

of multiple environmental drivers on marine coccolithophores have been 

comprehensively reviewed by Paasche (2002), Zondervan (2007) and Raven & 

Crawfurd (2012). 

1.4.1 Nitrogen and phosphorus 

Nitrogen and phosphorus are both essential macro-nutrients required for 
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phytoplankton growth. Nitrogen is essential for phytoplankton cells to synthesise 

nucleic acids and amino acids. There are both dissolved inorganic (DIN) and dissolved 

organic (DON) forms of nitrogen existing in the marine environment and both forms 

can be used by phytoplankton (Bronk et al., 2007). Nitrate and ammonium are the 

major DIN chemical species with nitrate as the major form (88%) in the oceanic DIN 

inventory (Gruber, 2008). Phosphorus also exists as various compounds of dissolved 

inorganic (DIP) and dissolved organic (DOP) in the ocean (Cembella et al., 1982). 

Marine phytoplankton require phosphorus for energy transductional processes and thus 

phosphorus availability might affect the metabolisms of carbon respiratory, 

plasmalemma H-ATP activity and adenylate kinase (Beardall et al., 1998). 

E. huxleyi is, in general, a poor competitor for nitrate (Riegman et al., 1992), 

with half saturation constant (Km, concentration at which the uptake rate reaches half of 

the maximum value) being as low as 0.2 µM for uptake of nitrate (Page et al., 1999; 

Riegman et al., 2000). However, E. huxleyi is able to utilise other sources of nitrogen in 

addition to nitrate (Bruhn et al., 2010). The assimilation of ammonium requires less 

reducing energy compared to that of nitrate and thus ammonium is considered to be a 

less costly nitrogen source for cell growth (Mulholland & Lomas, 2008), but E. huxleyi 

can use both the DIN forms at the same time with different transport proteins for nitrate 

and ammonium (Page et al., 1999; Bruhn et al., 2010). In addition, under nitrate 

limitation, some E. huxleyi clones are found to produce a certain kind of 

surface-bounding protein (Palenik & Koke, 1995) and possibly take up recycled 

organic nitrogen forms, such as urea, from microzooplankton grazing (Palenik & 

Henson, 1997). 

E. huxleyi has a very high affinity for phosphate, with a much lower half 

saturation constant (as low as 1.1 nM) for growth than other phytoplankton groups 

(Riegman et al., 2000). The cells are able to produce forms of alkaline phosphatase to 

utilise organic phosphorus (Paasche, 2002) and possess several cell-surface proteins for 

phosphorus uptake (Dyhrman & Palenik, 2003; Landry et al., 2006) under phosphorus 

limitation. Previous research has reported intensified calcite malformation (Batvik et al., 
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1997) of E. huxleyi at low phosphate concentrations. However, some other studies did 

not observe these changes of cell morphology in response to phosphate limitation 

(Borchard et al., 2011; Oviedo et al., 2014). 

Despite the different affinities for nitrate and phosphate of E. huxleyi, previous 

studies found that both nitrate and phosphate limitations could induce a higher 

PIC:POC ratio (Paasche, 1998), when cell division is inhibited by lack of nitrate for 

protein synthesis or a shortage of phosphate for nucleic acid synthesis, but calcite 

production still continues (Raven & Crawfurd, 2012). However, Langer et al. (2012) 

argued that the effects of nutrient limitation on particulate carbon production could be 

an artifact caused by different culturing techniques used (batch, semi-continuous or 

continuous incubation), and a batch culturing study (Langer et al., 2013) suggested 

neither phosphate nor nitrate limitation changed the particulate carbon production or 

PIC:POC ratio of E. huxleyi (strain PML B92/11). Therefore further studies are needed 

to understand the mechanisms behind the effects of nutrient limitation on the 

physiology of E. huxleyi. 

1.4.2 Irradiance (Photosynthetically Active Radiation, PAR) 

Light is an essential controlling factor for both photosynthesis and the 

energy-requiring calcification process. Numerous field studies on natural 

coccolithophore communities suggest that high irradiance found in a shallow mixed 

layer depth are important requirement for E. huxleyi bloom formation, and blooms are 

often observed in mid-summer when irradiance levels in the surface layer are high 

(reviewed by Nanninga & Tyrrell, 1996; Zondervan, 2007 and references therein). The 

saturation irradiance for growth is considered to be higher for E. huxleyi (ranging from 

100 to above 300 µmol photons m-2 s-1) than that for diatoms or dinoflagellates 

(Richardson et al., 1983; Paasche, 2002). Photosynthesis of E. huxleyi has a very high 

tolerance to high irradiances, with no record of photo-inhibition at extremely high 

irradiances up to 1700 to 2500 µmol photons m-2 s-1 (Balch et al., 1992; Nanninga & 

Tyrrell, 1996).  
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In addition to photosynthesis, irradiance can also affect the light dependent 

calcification process in E. huxleyi. Some laboratory experiments observed significantly 

increased PIC production when irradiance rose from 50 to 300 µmol photons m-2 s-1 

(Nimer & Merrett, 1993), 30 to 330 µmol photons m-2 s-1 (Paasche, 1999) and 15 to 150 

µmol photons m-2 s-1 (Zondervan et al., 2002). Conversely, Feng et al. (2008) found 

significantly decreased cellular PIC content and PIC:POC ratio when light level 

increased from 50 to 400 µmol photons m-2 s-1 due to much lower saturation irradiance 

for calcification than photosynthesis. Raven & Crawfurd (2012) summarised the energy 

costs of calcification and photosynthesis and concluded that PAR regulates calcification 

through the energy regulation of photosynthesis but there is no definite coupling 

between the two processes. 

1.4.3 Temperature 

Temperature plays an key role in phytoplankton physiology and ecology by 

regulating the metabolic rates and chemical transformation rate (Eppley, 1972; Raven 

& Geider, 1988). E. huxleyi is globally distributed, in the temperature range of 1°C 

~30°C due to the existence of temperature-selected ecotypes. The optimal temperature 

for growth is usually observed above 20°C for temperate strains (Winter et al., 1994). 

Fielding (2013) suggested using a power model to predict the temperature dependent 

maximum growth rate of E. huxleyi, while Thomas et al. (2012) used a model of 

considering the maximum growth rate, the optimal temperature for growth and the 

niche width for the fitting of phytoplankton thermal tolerance curves. It has also been 

found that increased temperature from 4°C to 23.2°C reduced the cell size of E. huxleyi 

cells and thus decreased the cellular DMSP production (van Rijssel & Gieskes, 2002). 

Moreover, changes in temperature can possibly lead to coccolith malformation caused 

by the mismatch of growth rates of crystals at both low and high temperatures (Watabe 

& Wilbur, 1966; Langer et al., 2009).  
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1.5 Modulation of Emiliania huxleyi responses to ocean acidification by multiple 

environmental drivers – multiplicative effects 

The above environmental drivers not only affect E. huxleyi physiology and 

ecology individually, but in combination. Some studies have made it clear that the 

multiple environmental drivers often present interactive effects and thus together 

modulate the responses of E. huxleyi to OA. Moreover, marine phytoplankton are going 

to be subjected to the changes of multiple environmental drivers simultaneously (such 

as changes in nutrient availability, subsurface irradiance and temperature), in addition 

to OA, as previously described (Fig. 1.1). Thus it is important to consider the interplay 

of multiple environmental drivers on the physiology of marine phytoplankton for a 

better prediction of how the marine ecosystem will respond to the future global change. 

The long-term (>200 generations) incubation study by Lefebvre et al. (2012) 

found that the nitrogen source and pCO2 change could synergistically affect the growth, 

PIC:POC ratio and the coccolith morphology of E. huxleyi, in which PIC:POC ratio 

was reduced by rising pCO2 with nitrate as the nitrogen source, while PIC:POC showed 

no change with changing pCO2 when ammonium was the nitrogen source. Müller et al. 

(2012) reported that the cell diameter of E. huxleyi increased with elevated pCO2 and 

was further increased by nitrogen limitation, and that the change of the cell volume is 

more sensitive to nitrogen limitation than CO2 concentration. Similarly, Rouco et al. 

(2013) also found that the effects of pCO2 (ranging from 215 to 1314 µatm) on the 

cellular carbon quota of the ‘heavy’ calcifier, E. huxleyi strain NZEH, differed with 

different nutrient regimes (nutrient replete, nitrogen-limited and phosphorus-limited). 

Temperature and irradiance are also important environmental drivers that have 

been found to affect the physiology of E. huxleyi interactively with pCO2. Elevated 

temperature (4°C increase) and rising pCO2 together significantly decreased the PIC 

production of a North Atlantic spring bloom phytoplankton community with E. huxleyi 

as the dominating coccolithophore species, whereas this trend was not observed when 

only pCO2 was increased (Feng et al., 2009). Sett et al. (2014) found that temperature 
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regulated the optimal CO2 concentration for the growth, calcification and 

photosynthesis of E. huxleyi (strain PML B92/11). Zondervan et al. (2002) reported 

reduced cellular PIC content with increased pCO2 only at saturated irradiances. Feng et 

al. (2008) examined the interactive effects of pCO2, temperature and irradiance and 

found that both cellular PIC content and PIC:POC ratio of E. huxleyi strain CCMP 371 

were only decreased with rising pCO2 at higher irradiance (400 µmol m-2 s-1). Elevated 

temperature and pCO2 synergistically promoted the photosynthetic rate and a three-way 

interactive effect of CO2, temperature and irradiance was observed for growth. 

However, Rokitta & Rost (2012) observed significantly decreased PIC production of 

diploid cells only at low light (30 µmol photons m-2 s-1) but not at high light (300 µmol 

photons m-2 s-1) and suggested that the responses of E. huxleyi to OA were dependent 

on energy availability. 

These previous studies have emphasised the importance of assessing the 

accumulative effects of multiple environmental drivers on E. huxleyi biology for a more 

realistic and accurate prediction of the responses of this keystone species to global 

change and its feedback to the marine carbon cycle. Nevertheless, the traditional 

perturbation approaches for investigating the accumulative effects could be too 

complicated to perform and often involve a complex matrix of multiple environmental 

drivers (e.g. Feng et al., 2008; Feng et al., 2010), therefore new diagnostics and better 

interpretation skills, as well as new approaches, are needed as suggested by Boyd & 

Hutchins (2012). 

1.6 Thesis overview 

The overall goal of this research is to rank the importance of the major global 

change environmental drivers including nitrate concentration, phosphate concentration, 

irradiance, temperature and pCO2 on the physiology of the well-studied cosmopolitan 

coccolithophore species E. huxleyi, using a recent isolate (2008) from the Chatham Rise, 

New Zealand. This was achieved by first conducting a series of single-factor laboratory 

manipulation experiments in which a single environmental driver was manipulated at a 
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time while keeping other drivers at optimal conditions. The physiological rate processes 

(growth, photosynthetic and calcification rates, Chapter 2) and elemental stoichiometry 

(cellular elemental compositions and ratios, Chapter 3) were examined, so that a 

baseline of physiological responses of E. huxleyi to the changes of single environmental 

drivers could be determined.   

Further experiments were then conducted to examine how these drivers affect E. 

huxleyi physiology interactively. Two-way factorial (OA and another environmental 

driver) and multi-factorial (all the five environmental drivers thus simulating the 

projected conditions for the year 2100) manipulation were conducted in order to 

understand the responses of E. huxleyi to the simultaneous changes of multiple 

environmental drivers (Chapter 4). To examine the mechanisms underpinning changes 

in physiology, RNA samples were taken from the CO2 and multiple-driver 

manipulation experiments and the functional gene expressions that relate to E. huxleyi 

inorganic carbon acquisition and calcification processes were examined (Chapter 5). 

The ultimate goal of this research is to provide new diagnostic information by 

elucidating the controlling drivers for each physiological process measured for E. 

huxleyi, in order to direct the future research to further understand the complex 

responses of this model species to multiple environmental drivers in the global change 

context (Chapter 6).  

The thesis has the following structure:  

Chapter 1 General introduction  

This chapter reviews the current knowledge of OA and global change and E. 

huxleyi responses to OA and multiple environmental drivers and points out the major 

objectives of the research. 

Chapter 2 Environmental controls on the growth, photosynthetic and calcification 

rates of Emiliania huxleyi  
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This research investigated the individual effects of the five environmental 

drivers (nitrate concentration, phosphate concentration, irradiance, temperature and 

pCO2) on the physiological rate processes of E. huxleyi. Firstly, a series of 

semi-continuous incubation experiments were conducted to examine the effects of each 

individual environmental driver on the growth, photosynthetic rate and calcification 

rates, and the ratio of calcification: photosynthesis of E. huxleyi. A series of 

dose-response curves (physiological metrics vs. each environmental driver) were fitted 

to the experimental data. Then the dose-response curves were used to predict how the 

physiological rate processes of E. huxleyi will respond to predicted future changes in 

each environmental driver. Finally, a set of semi-quantitative rankings of the 

importance of each environmental driver on the physiological rate processes were 

performed by comparing the percentage change caused by each environmental driver 

on the measured physiological metrics at the projected conditions for the year 2100 

relative to the present conditions in the Chatham Rise, New Zealand. 

Chapter 3 Environmental controls on the elemental composition of Emiliania 

huxleyi 

This is a companion chapter of Chapter 2. The results presented in this chapter 

were from the same sets of semi-continuous incubation experiments described in 

Chapter 2. This chapter investigated the effects of the five environmental drivers on the 

cellular elemental (C, N and P) compositions and ratios. The general patterns of how 

the elemental stoichiometry of E. huxleyi responded to the changes of the individual 

environmental drivers are described. Dose-response curves were fitted for the 

environmental drivers that had statistically significant effects on the measured 

biogeochemical metrics. Similar semi-quantitative rankings as described in Chapter 2 

were performed to rank the importance of each environmental driver in regulating the 

elemental stoichiometry of E. huxleyi. 

Chapter 4 Interactive effects of ocean acidification and multiple environmental 
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drivers on Emiliania huxleyi physiology: study of two-way factorial and 

multi-factorial interactions 

This chapter examined the modulation of four other environmental drivers 

(nitrate, phosphate, irradiance and temperature) on the physiological responses of E. 

huxleyi to OA at the levels predicted for the year 2100 in the Chatham Rise area. The 

study was conducted through a set of two-way factorial (increasing pCO2 and changing 

another environmental driver) and multi-factorial (change in all of the five 

environmental drivers) manipulation experiments. The interactive effects between OA 

and other environmental drivers were determined using a novel approach by comparing 

the observed effects and model calculated multiplicative effects, in order to examine the 

synergistic/additive/antagonistic effects of OA together with other environmental 

drivers on this ecologically important species. 

Chapter 5 Response of inorganic carbon acquisition and calcification related gene 

expression in Emiliania huxleyi to ocean acidification and multiple environmental 

drivers 

This chapter describes the changes in the gene expression which are related to 

inorganic carbon acquisition and calcification processes of E. huxleyi to the changes of 

pCO2 and the interplay between OA and the other four environmental drivers. The 

RNA samples for the gene expression study in this chapter were collected from the CO2 

manipulation experiment in Chapters 2 and 3 and the experiment described in Chapter 4. 

The changes of the gene expression relative to the “control” treatments caused by the 

changes in pCO2 and the multiple environmental driver interactions provide 

information for further understanding the mechanisms behind the physiological 

responses of E. huxleyi on the molecular level. 

Chapter 6 General discussion 

This chapter synthesises the major findings of the four research chapters, then 
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explains the importance of considering multiple environmental drivers when testing the 

E. huxleyi responses to OA, and finally constructs new conceptual models to understand 

E. huxleyi responses to changes in individual environmental drivers multiple 

environmental drivers in the frame of global change. In addition, this chapter highlights 

the significance of this work in directing future research. 
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Chapter 2.  Environmental controls on the growth, photosynthetic and 

calcification rates of Emiliania huxleyi 

2.1 Introduction 

Emiliania huxleyi is the most abundant and widely distributed coccolithophore 

species, forming large blooms that are easily observed using satellite images in the 

oceans (Holligan et al., 1983; Holligan et al., 1993; Westbroek et al., 1993; Honisch et 

al., 2012). The physiology of this species may be sensitive to ocean acidification (OA), 

the change in the seawater carbonate system caused by increased anthropogenic CO2 

emission into the atmosphere (see Chapter 1). Differential physiological responses of E. 

huxleyi to OA have been reported by numerous previous studies, and the responses may 

be strain-specific; however, the underlying mechanisms of these responses are still 

largely unknown, as summarised in Chapter 1. 

In addition to the seawater carbonate chemistry, other important environmental 

factors such as irradiance, temperature and nutrient availability are also likely to change 

simultaneously in the frame of future global climate change (see Chapter 1). For the 

Chatham Rise area of New Zealand, it has been predicted using Coupled Model 

Intercomparison Project phase 5 (CMIP5) models that the nutrient concentrations in the 

upper layer of seawater will decrease by ~33%, the irradiance level in the mixed layer 

will increase by ~25%, and the temperature will increase by 2 degrees by the end of this 

century (G. Richard (NIWA), personal communication, and Boyd & Law, 2011). Each 

of these environmental factors may regulate different cellular processes of E. huxleyi in 

various ways, defined as “drivers” (see Chapter 1). In addition, these environmental 

drivers not only affect E. huxleyi physiology individually, but also have interactive 

effects and modulate the responses of E. huxleyi to OA (see Paasche, 2002; Zondervan, 

2007; Raven & Crawfurd, 2012 for comprehensive reviews). For example, nitrogen 

source (Lefebvre et al., 2012), light intensity (Rokitta & Rost, 2012) and temperature 
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(Sett et al., 2014) could all modulate the CO2 effects on calcification of E. huxleyi 

(strains CCMP 371, RCC 1216 and PML 92/11, respectively) either by a change in 

resource allocation or energy availability. 

The overarching objective of this research is to examine and rank the 

importance of the major global change environmental drivers, including nitrate 

concentration, phosphate concentration, irradiance, temperature and pCO2, on three 

important rate processes (growth, photosynthetic and calcification rates) of a southern 

hemisphere coccolithophore species E. huxleyi, isolated from the Chatham Rise area, 

New Zealand. To my knowledge, despite the extensive studies on E. huxleyi physiology 

(see Chapter 1), the effects of each of these environmental drivers on the physiological 

rate processes (growth, photosynthetic and calcification rates) of E. huxleyi has not 

been assessed in a systematic way. In order to fill this knowledge gap, a series of 

single-factor laboratory manipulation experiments were conducted, in which one 

environmental driver was changed at a time while other drivers were kept at optimal 

levels. The importance of the environmental drivers on each physiological rate process 

was ranked using a semi-quantitative approach by comparing the percentage of change 

under the projected conditions for the year 2100 relative to the present day conditions 

in the Chatham Rise area. These results will provide new diagnostic information that 

helps to explain the response of this widely-distributed, ecologically important species 

to future changes in multiple environmental drivers. 

2.2 Materials and methods 

2.2.1 Experimental setup 

The marine coccolithophore Emiliania huxleyi (strain NIWA1108) was isolated 

from the Chatham Rise, east of New Zealand by Dr. H. Chang (NIWA, Wellington) in 

November 2008. The stock culture was maintained in the laboratory at the Department 

of Botany, University of Otago, at 14°C and an irradiance of 110~140 µmol photons 

m-2 s-1, under a light/dark cycle of 12 h/12 h. The media used for maintaining the stock 
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culture were made of coastal seawater from Otago harbour (salinity 34.5; background 

nutrient concentrations: phosphate 0.3-0.6 µM, nitrate 3-6 µM), filtered using 0.2 µm 

pore size filtration cartridge (WhatmanTM) and supplied with nutrient stock solution to 

final phosphate concentration of 6 µM and nitrate concentration of 96 µM, without 

silicate addition. The trace metal and vitamin concentrations were added to f/20 level 

(10 times dilution of f/2 trace metal and vitamin recipe) (Guillard & Ryther, 1962). 

To begin the manipulation experiments, E. huxleyi cells in the exponential 

growth phase were transferred into 500-mL polycarbonate bottles with screw caps and 

subjected to a series of semi-continuous incubation experiments under different nutrient, 

irradiance, temperature and pCO2 conditions. The conditions of only one environmental 

driver was manipulated at a time for one incubation experiment, with the levels of other 

environmental drivers remaining the same as the stock culture growing conditions. The 

alteration of different drivers was carefully selected to cover a broad range of 

conditions both in the natural environmental and the levels used for general laboratory 

incubations. The initial cell abundances were diluted to ~104 cell mL-1 and chlorophyll 

a (Chl-a) in vivo fluorescence readings were monitored daily as indicators of Chl-a 

biomass and cell growth (Gilbert et al., 2000). After 2-3 days of acclimation under the 

experimental conditions, daily dilution was started using freshly made seawater 

medium added into each incubation bottle to adjust the biomass to that of the previous 

day. For all the experiments, trace metal and vitamin stock solutions were added to the 

seawater media to final concentrations of f/20 levels. All the incubation experiments 

were carried out in a walk-in growth chamber (Model 650, Contherm, New Zealand), 

with metal halide lamps (full spectrum) on the ceiling as light source, and a light/dark 

cycle of 12 h/12 h. Irradiance levels were measured using a quantum PAR sensor (2100 

series, Biospherical Instruments Inc., San Diego, CA, USA). 

The phosphate manipulation experiment was carried out using five experimental 

treatments in triplicate with the following phosphate concentrations: 0.4 (seawater 

background concentration), 2, 6, 10 and 20 µM. Six experimental treatments were 

examined in triplicate in the nitrate manipulation experiment, with the following nitrate 
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concentrations: 3.7 (seawater background concentration), 6, 12, 48, 96 and 200 µM. For 

the irradiance manipulation experiment, six treatments were examined in triplicate: 14, 

40, 80, 190, 350 and 650 µmol photons m-2 s-1. Different irradiance levels were 

obtained by wrapping the incubation bottles with different layers (5 to 0) of neutral 

density screen. Temperature for the irradiance manipulation experiment was controlled 

by submerging the incubation bottles in a water tank connected to a chiller (HC150A, 

Hailea, China) through a water pump to keep the temperature of E. huxleyi cultures 

steady. 

Six treatments were examined in the temperature manipulation experiment: 4°C, 

7°C, 11°C, 15°C, 20°C and 25°C. The triplicate incubation bottles of each experimental 

treatment were incubated in a separate water tank connected to a chiller (HC150A, 

Hailea, China) for temperature control. The 4°C and 7°C treatments were incubated in a 

walk-in growth chamber (Model 650, Contherm, New Zealand) with ambient air 

temperature set to 7°C. The cultures at 4°C were acclimated to the low temperature 

gradually by growing the stock cultures at 7°C for three days and then transferring to 

4°C for the experiment. The other four treatments (11°C - 25°C) were incubated in 

another walk-in growth chamber set to 25°C. In all cases, the temperature in each water 

tank was monitored continuously with a Hobo pendantTM temperature/light logger 

(Hobo, MA, US). The temperature variation in each experimental treatment was ± 

0.5°C. 

For the CO2 manipulation experiment, six pCO2 treatments (79, 150, 382, 568, 

733 and 1080 ppm) were examined at 14°C and an irradiance level of 140 µmol 

photons m-2 s-1. The seawater media used for all the experimental treatments were 

pre-adjusted to the projected conditions by bubbling the seawater medium using 

nitrogen gas (for 79, 150 and 382 ppm) or 10% CO2 in air (for 568, 733 and 1080 ppm) 

before the daily dilution of the E. huxleyi cultures. The caps of the incubation bottles 

were specially designed with a pH sampling port and gas in- and out- flow ports. CO2 

concentrations were maintained in the incubation bottles by gentle bubbling of certified 

commercial CO2 and air gas mixtures (BOC gas, New Zealand) with the corresponding 
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concentrations through TygonTM tubing connected with the gas in-flow ports. The pH 

sampling ports were connected to an automated specotrophotometric pH measurement 

system (McGraw et al., 2010) to measure the pH values of all the experimental 

treatments twice daily, before and after the daily dilution of the cultures. 

For each semi-continuous incubation, after the growth rate, which was 

monitored daily, became relatively constant (daily variations <10%) for more than 7 

generations (Feng et al., 2008), the final sampling was performed. This yielded total 

acclimation of the cultures to the experimental conditions for ~20 days. Samples were 

collected for cell count, Chl-a biomass, elemental components [particulate organic 

carbon (POC), particulate inorganic carbon (PIC), particulate organic nitrogen (PON) 

and particulate organic phosphorus (POP)], calcification and photosynthetic rates, 

scanning electron microscope (SEM) samples for morphological analysis, samples for 

ribonucleic acid (RNA) extraction, and water samples for seawater carbonate chemistry 

analysis. 

2.2.2 Sample analyses 

Cell counts and Chl-a 

Samples for cell counts were preserved by adding 6 µL modified Lugol’s 

solution to 1 mL sample, and then kept in the dark at 4°C: Lugol’s solution was 

prepared by dissolving 10 g KI and 5 g iodine crystals in 20 mL Milli-Q water, then 

adding 50 mL of 5% anhydrous sodium acetate solution (Utermöhl, 1958). The samples 

were then counted with a phytoplankton counting chamber (PhycoTech, USA) using a 

Zeiss microscope (Axiostar plus, Germany) at a magnification of ×200. In vivo Chl-a 

fluorescence was measured using a Turner 10-AU fluorometer daily within 2 h of the 

start of the light period for consistency in measuring the daily growth rate. For Chl-a 

concentration at the end of the experiment, 5-10 mL of samples were filtered under a 

low vacuum (30-40 mm Hg) onto GF/F glass fiber filters (WhatmanTM). Chl-a pigment 

was then extracted in 90% acetone at 4°C in dark for 18 h, and measured using a Turner 
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10-AU fluorometer before and after acidification with 10% HCl (Welschmeyer, 1994).  

Growth rate (µ) was calculated using in vivo Chl-a fluorescence daily according 

to the following equation:  

� = !"!! !"
! !"

!"!!"                       (Eq. 2.1). 

in which T1 and T2 are the two time points of sampling, and N(T1) and N(T2) 

represent the in vivo Chl-a biomass at time T1 and T2. 

Photosynthetic and calcification rates 

14C incubation technique (Paasche, 1964; Paasche et al., 1996) was used to 

determine the photosynthetic and calcification rates. Within the first three hours of the 

light incubation phase on the final sampling day, a 50 mL subsample from each 

triplicate bottle of all the experimental treatments was taken into a 50 mL NuncTM 

incubation flask and spiked with 2 µCi NaH14CO3. Total 14C activity was measured by 

spiking 200 µL subsamples in triplicate with 200 µL ethanolamine added into each 

scintillation vial. Another set of subsamples was incubated in the dark to determine the 

dark 14C uptake rates. After the flasks were incubated under the corresponding 

conditions for 4 h, two sets of 25 mL subsamples were filtered from each flask for total 

carbon productivity and photosynthetic rate determination, respectively. The filters 

were then rinsed carefully with 0.2 µm filtered seawater and transferred into 

scintillation vials. The filters for photosynthetic rate determination were fumed using 

saturated HCl for 3 h to remove all the inorganic carbon before adding scintillation 

cocktail fluid (Hisafe3, Perkin-Elmer, USA). The 14C activities were counted using a 

Tri-Carb 3110TR scintillation counter (PerkinElmer, MA, USA). The photosynthetic 

rate and total carbon productivity were calculated using total activity, final activity, cell 

abundance, dissolved inorganic carbon (DIC) and incubation time. The calcification 

rate was calculated as the difference of the two processes. 

Seawater carbonate chemistry 
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250 mL samples for alkalinity analysis were preserved with 200 µL of 5% 

HgCl2 solution in Shott glass bottles (Shott AG, Germany) with screw caps. Alkalinity 

was then measured using potentiometric titration in a closed cell attached with 

Metrohm Dosimat 765 (Metrohm, USA), following the method of Dickson et al. (2007). 

The accuracy of the method as determined by analysis of Certified Reference Material 

provided by Andrew Dickson from Scripps Institution of Oceanography was estimated 

to be ± 2 µmol kg-1. The measurements were conducted using a Fluke high precision 

voltmeter, and the final calculation was carried out using a custom-written software (Dr. 

Kim Currie, National Institute of Water and Atmospheric Research Ltd. (NIWA), 

Department of Chemistry, University of Otago). 

For DIC measurements, 20 mL borosilicate vials were filled with samples 

gently to avoid air bubbles, and fixed by adding 20 µL 5% HgCl2 solution. The samples 

were capped tightly and stored at 4°C in dark until analysis. DIC concentrations were 

analysed with an automated infra-red inorganic carbon analyser (AIRICA, 

MARIANDA, Germany) connected with a LI-COR 820, and corrected to the Dickson 

seawater standards (Dickson et al., 2007). The estimated accuracy of the analysis was ± 

5 µmol kg-1. Total scale pH values (pHT) were measured by a colorimetric method 

using thymol blue as an indicator dye using the automated seawater pH measurement 

system, as described in McGraw et al. (2010).The seawater carbonate chemistry was 

calculated using the program CO2sys version 1.05 (E. Lewis and D. W. R. Wallace), 

using the constants in Mehrbach et al. (1973), re-fitted by Dickson and Millero (1987). 

The carbonate chemistry remained relatively constant in the all the six experimental 

treatments of the CO2 manipulation experiment (Table 2.2). 

Morphological analysis 

SEM samples were filtered onto 0.6 µm pore size polycarbonate filters 

(MilliporeTM) under a low-pressure of vacuum. The filters were then air-dried on a 

plastic petri-dish and examined at the Otago Centre of Electron Microscopy (OCEM) 

using scanning electron microscope (JEOL Ltd, Tokyo, Japan) after being coated with 
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gold. More than 20 individual cells and 100 coccoliths from each treatment were then 

randomly selected from the field of view and photographed at magnification of ×6000 - 

×9000 (Henderiks et al., 2012). 

2.2.3 Data analyses 

Dose-response curves 

The dose-response curves of growth rate/photosynthetic rate/calcification rate 

vs. nitrate concentration and phosphate concentration (Fig. 2.1a, 2.1b, 2.2a, 2.2b, 2.3a, 

and 2.3b), and the growth rate vs. pCO2 (Fig. 2.1e) were fitted to the Michaelis-Menten 

function:  

! ! = !!"# !
!!!!

                   (Eq. 2.2). 

Here, S is the nitrate/phosphate concentration, Vmax represents the fitted maximum rate; 

and Km represents the half saturation constant, at which the rate is half of Vmax. 

The growth rate/calcification rate vs. irradiance curves (Fig. 2.1c and 2.3c) were 

fitted using a Monod function with an photo-inhibition term (Megard et al., 1984; 

Litchman, 2000): 

! ! = !!"# !
!!!! !!

!!"!

                      (Eq. 2.3), 

where f, the growth rate or calcification rate, is a function of the irradiance level I; Vmax 

represents the theoretical maximum rate; k is the constant characterising the rate 

response to low irradiance; kinh represents the photo-inhibition constant. 

The growth rate of steady growth phase/photosynthetic rate/calcification rate vs. 

pCO2 curves (Fig. 2.1f, 2.2e and 2.3e) were fitted using Monod function with an 

inhibition term (Megard et al., 1984; Litchman, 2000): 
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! ! = !!"# !
!!!! !!

!!"!

                      (Eq. 2.4). 

Here, f is the growth or photosynthetic rate as a function of CO2 partial pressure C; 

Vmax represents the theoretical maximum rate; k is the constant characterising the rate 

response to low pCO2; and kinh represents the inhibition constant. 

The growth rate/photosynthetic rate/calcification rate/calcification: 

photosynthesis ratio vs. temperature curves (Fig. 2.1d, 2.2d, 2.3d and 2.4d) were fitted 

using the function described in Thomas et al. (2012): 

! ! = !!!" 1− !!!
!/!

!
                   (Eq. 2.5). 

Here, f represents the rate or ratio described above, which is an explicit function of 

temperature, T. Constant a is the Eppley curve coefficient and b is the Eppley curve 

exponent. w represents the width of the thermal niche and z determines the location of 

the maximum quadratic portion of the function.  

The photosynthetic rate vs. irradiance response curves (Fig. 2.2c) were fitted 

using a photosynthesis vs. irradiance function with a photo-inhibition term (Webb et al., 

1974; Sakshaug et al., 1997): 

! ! = !!"#(1− !
!!"
!!"#)!

!!"
!!"#                 (Eq. 2.6). 

Here, Pmax is the the maximum photosynthetic rate, a is the initial slope of light-limiting 

stage, and b is a parameter describing the photosynthesis decreasing rate at high 

irradiance, i.e. photo-inhibition. 

The calcification: photosynthesis ratio vs. nitrate concentration and phosphate 

concentration curves (Fig. 2.4a and 2.4b) were fitted using a modified Monod function: 

! ! =
!!!! !!

!!"!
!!!"#

                   (Eq. 2.7). 

Here, f represents the calcification: photosynthesis ratio as a function of the 



32!

nitrate/phosphate concentration, S, Rmax represents the theoretical maximum ratio, k is 

the constant characterising the rate response to low concentration, and kinh represents 

the inhibition constant. 

The calcification: photosynthesis ratio vs. irradiance curve (Fig. 2.4c) was fitted 

using a one phase decay model: 

! ! = !! − !! !!!" + !!                   (Eq. 2.8), 

where f is the calcification: photosynthesis ratio, which is a function of irradiance I, R0 

represents the initial ratio at low irradiance levels, Rc represents the constant at which 

calcification: photosynthesis ratio reaches steady phase, and k is the rate constant. 

The calcification: photosynthesis ratio vs. pCO2 curve (Fig. 2.4e) was fitted 

using a linear regression model: 

! ! = ! − !"                     (Eq. 2.9). 

Here the calcification: photosynthesis ratio f is a function of CO2 partial pressure C, a 

and b are constants from fitting. 

All of the curve-fitting was performed using a least square fit with Prism 

software (version 5.0; GraphPad Prism Software, San Diego, CA, US) with all the 

triplicate data for each treatment. The fitted constants and the parameters of goodness 

of fit generated from each fitting are presented in Table 2.3. 

Statistical analyses 

The effects of each environmental driver on the physiological rate processes of 

E. huxleyi were determined with one-way analysis of variance (ANOVA) using a 

commercial statistical software package (SigmaStat, Version 3.5; Jandel Scientific, San 

Rafael, CA, US). Differences between treatments were considered significant at p<0.05. 

Post-hoc comparisons were conducted using the Student-Neuman-Keuls (SNK) test to 

determine any the pair-wise differences. 
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Ranking the importance of the environmental drivers 

A semi-quantitative approach was used to rank the relative importance of each 

environmental driver on each physiological rate process. Firstly, the values of each 

specific physiological metric (growth rate/photosynthetic rate/calcification 

rate/photosynthesis:calcification rate) at the average present-day condition and the 

projected condition for the year 2100 (Table 2.1), respectively, were derived from each 

fitted dose-response curve for each environmental driver. The conditions of present day 

and projected future (2100) environmental conditions were calculated using CMIP5 

models (G. Rickard (NIWA) personal communication, and Boyd & Law, 2011). The 

magnitude and direction of change in each physiological rate process/ratio was 

calculated as the percentage change of projected future (2100) condition relative to the 

present day condition in the Chatham Rise area (Table 2.1). The ranking was then 

performed by comparing the absolute values of the percentage changes of each 

physiological parameter caused by each environmental driver. The driver that caused 

the largest change was ranked as the most important controlling factor, and vice versa. 

This approach was used as an initial assessment to examine the importance of the 

changes of the five environmental drivers on the physiological rate processes of E. 

huxleyi by the end of this century. 
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Table 2.1. The conditions of the environmental drivers at control, present day and future Chatham 
Rise levels. “Control” represents the stock culture growth condition, “present day” represents the 
present day average condition in the Chatham Rise area, and “future” represents the model predicted 
condition in the Chatham Rise area for the year 2100. 
 

Driver 

Condition 

Nitrate 
(µM) 

Phosphate 
(µM) 

Irradiance 
(µmol photons m-2 s-1) 

Temperature 
(°C) 

pCO2 
(ppm) 

Control 96 6 140 14 380 
Present day 10 1 140 14 380 
Future 6.7 0.67 175 16 750 

 

 

Table 2.2. Carbonate chemistry parameters (including pH, dissolved inorganic carbon (DIC) 
concentration, total alkalinity (TA), CO2 partial pressure (pCO2), HCO3

- concentration, CO3
2- 

concentration, CO2 concentration, and calcite saturation state (ΩCa)) in the media used for Emiliania 
huxleyi culture dilution and within the culture bottles on the final sampling day, from the six 
experimental treatments in the CO2 manipulation experiment. The values marked by asterisks (*) 
were directly measured. The values without an asterisk were calculated using the program CO2sys. 
Errors are standard deviations around the mean of the triplicate values in each treatment. 
 

pCO2 Treatment pHtotal 
DIC 

µmol kg-1 

TA 

µmol kg-1 

pCO2 

ppm 

[HCO3
-] 

µmol kg-1 

[CO3
-] 

µmol kg-1 

CO2 

µmol kg-1 
�Ca 

79 ppm 
Medium 8.569* 1710 2219* 83 1334 351 3.2 8.4 

Bottle 8.498±0.020* 1690±12* 2160±25 101±5 1378±13 308±12 3.9±0.2 7.4±0.3 

150 ppm 
Medium 8.306* 1873 2223* 187 1631 234 7.2 5.6 

Bottle 8.301±0.025* 1778±23* 2113±12 179±13 1550±30 221±9 6.9±0.5 5.3±0.2 

382 ppm 
Medium 8.061* 1994 2211* 367 1830 150 14 3.6 

Bottle 8.042±0.020* 1914±48* 2116±42 371±28 1762±49 138±3 14±1 3.3±0.1 

568 ppm 
Medium 7.881* 2093 2235* 598 1964 106 23 2.5 

Bottle 7.849±0.031* 2031±19* 2158±30 626±40 1910±14 96±8 24±2 2.3±0.2 

733 ppm 
Medium 7.782* 2104 2209* 757 1989 86 29 2.0 

Bottle 7.748±0.046* 2086±5* 2180±16 819±89 1976±7 79±8 32±3 1.9±0.2 

1080 ppm 
Medium 7.637* 2179 2238* 1120 2073 64 43 1.5 

Bottle 7.624±0.023* 2122±8* 2176±15 1112±55 2019±7 60±3 43±2 1.4±0.1 
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Table 2.3. Parameters from the equation fittings of Emiliania huxleyi physiological rate processes vs. 
different environmental drivers. 

Physiological 
metrics 

Driver Equation 
Fitted 

parameters 
Goodness of fit* 

Growth rate 

Nitrate ! ! = !!"#
!

! + !!
 

Vmax = 0.88 

Km = 10.93 

R2 = 0.91 

DF = 16 

Phosphate ! ! = !!"#
!

! + !!
 

Vmax = 0.66 

Km = 0.11 

R2 = 0.94 

DF = 13 

Irradiance ! ! = !!"#
!

! + ! + !!
!!"!

 
Vmax = 1.14 

k = 29.74 

kinh = 952.1 

R2 = 0.97 

DF = 14 

Temperature ! ! = !!!" 1 − ! − !
!/2

!
 

a = 0.60 

b = 0.03 

w = 31.61 

z = 19.33 

R2 = 0.99 

DF = 14 

pCO2 ! ! = !!"#
!

! + ! + !!
!!"!

 
Vmax = 1.11 

k = 19.87 

kinh =4626 

R2 = 0.52 

DF = 14 

Photosynthetic 
rate 

Nitrate ! ! = !!"#
!

! + !!
 

Vmax = 0.66 

Km = 13.71 

R2 = 0.78 

DF = 16 

Phosphate ! ! = !!"#
!

! + !!
 

Vmax = 0.75 

Km = 0.12 

R2 = 0.18 

DF = 13 

Irradiance ! ! = !!"#(1 − !
!!"
!!"#)!

!!"
!!"#  

�= 0.02 

b = 0.001 

Pmax = 1.57 

R2 = 0.79 

DF = 15 

Temperature ! ! = !!!" 1 − ! − !
!/2

!
 

a = 1.64 

b ~ 0 

w = 24.20 

z = 41.83 

R2 = 0.96 

DF = 14 

pCO2 ! ! = !!"#
!

! + ! + !!
!!"!

 
Vmax = 1.08 

k = 43.83 

kinh = 4361 

R2 = 0.44 

DF = 14 

Calcification 
rate 

Nitrate ! ! = !!"#
!

! + !!
 

Vmax = 0.63 

Km = 21.40 

R2 = 0.79 

DF = 16 

Phosphate ! ! = !!"#
!

! + !!
 

Vmax = 0.71 

Km = 0.09 

R2 = 0.11 

DF = 13 

Irradiance ! ! = !!"#
!

! + ! + !!
!!"!

 
Vmax = 1.09 

k = 13.77 

kinh = 1887 

R2 = 0.33 

DF = 15 
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Physiological 
metrics 

Driver Equation 
Fitted 

parameters 
Goodness of fit* 

Temperature ! ! = !!!" 1 − ! − !
!/2

!
 

a= 0.84 

b= 0.02 

w= 26.33 

z= 17.72 

R2 = 0.92 

DF = 14 

pCO2 ! ! = !!"#
!

! + ! + !!
!!"!

 
Vmax = 1.14 

k = 44.84 

kinh = 1243 

R2 = 0.48 

DF = 14 

Calcification: 
photosynthesis 

Nitrate ! ! =
! + ! + !!

!!"!
!!!"#

 

Rmax = 1.43 

k = 0.47 

Kinh = 532.9 

R2 = 0.26 

DF = 15 

Phosphate ! ! =
! + ! + !!

!!"!
!!!"#

 

Rmax = 1.34 

k = 0.18 

kinh = 36.81 

R2 = 0.33 

DF = 12 

Irradiance ! ! = !! − !! !!!" + !! 
Q0 = 1.59 

Qc = 0.69 

R2 = 0.77 

DF = 15 

Temperature ! ! = !!!" 1 − ! − !
!/2

!
 

a = 0.79 

b = 0.01 

w = 27.37 

z = 16.40 

R2 = 0.75 

DF = 14 

pCO2 ! ! = ! − !" 
a = 0.0002 

b = 0.98 

R2 = 0.97 

F(1,4) = 112.6 

p = 0.0004 

*Parameters representing the goodness of fit include R2 (the correlation coefficient) and DF (degree 
of freedom) for the non-linear regressions; and R2, F value, and p value (F and p values test whether 
the slope is significantly different from zero, with a significant level when p<0.05) for the linear 
regression. 
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2.3 Results 

2.3.1 Response of Emiliania huxleyi growth rate to different environmental drivers 

The growth rate of E. huxleyi increased with increasing nitrate concentration 

until 50 µM, at which point growth rate reached a plateau. At the lowest nitrate 

concentration examined (0.6 µM), the growth rate (0.10 ± 0.01 d-1) was ~90% lower 

than the fitted maximum growth rate µmax (0.88 ± 0.04 d-1) (Fig. 2.1a; Table 2.3). In 

contrast to nitrate, the growth rate of E. huxleyi kept relatively steady within the 

examined phosphate concentration range (Fig. 2.1b). Growth rate increased by only 18% 

between 0.4 and 2 µM, from 0.55 ± 0.01 d-1 to 0.64 ± 0.01 d-1, and did not increase with 

further increasing phosphate concentration. The half saturation constant of phosphate 

for growth (Km) was 0.11 ± 0.01 µM, and the ratio of Km values between nitrate and 

phosphate was ~100. 

Increasing irradiance promoted the growth of E. huxleyi at low irradiance levels, 

and reached the maximum growth rate at ~100 µmol photons m-2 s-1 (Fig. 2.1c). 

Photo-inhibition was observed at the highest irradiance examined (650 µmol photons 

m-2 s-1), with growth rate 30% lower than µmax (0.91± 0.05 d-1) (p = 0.001). The growth 

rate increased significantly with warming, increasing from 0.07 ± 0.02 d-1 at 3°C to 

1.21 ± 0.01 d-1 at 25°C (p<0.05, Fig. 2.1d). The fitted growth rate vs. temperature 

response curve resulted in an optimal temperature of 23°C with highest growth rate of 

~1.23 d-1, which is ~20% higher than that at 14°C (stock culture growing condition). 

A trend of acclimation of E. huxleyi growth to changes in pCO2 was observed 

during the course of semi-continuous incubation. In the beginning of the incubation, 

there was a trend of increasing growth rate with rising pCO2; the average growth rate 

from day 4 to day 8 was lowest (0.42 ± 0.01 d-1) at 79 ppm and highest (0.82 ± 0.02 d-1) 

at 1080 ppm (Fig. 2.1e). However, the growth rates kept increasing in all the treatments 

during the experiment, until the steady growth phase was reached on day 9. During the 

last five days of incubation (day 12 to day 16), there was no significant difference 
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among the average growth rates in the four pCO2 treatments between 150 and 733 ppm 

(p>0.05, Fig. 2.1f); the growth rates at 79 ppm (0.85 ± 0.02 d-1) and 1080 ppm (0.89 ± 

0.01 d-1) were both slightly lower than the other four CO2 treatments (p<0.05). 

 

Fig. 2.1. Changes in Emiliania huxleyi growth rate in response to different environmental drivers: a) 
growth rate vs. nitrate concentration; b) growth rate vs. phosphate concentration; c) growth rate vs. 
irradiance; d) growth rate vs. temperature; e) average growth rate of day 4-8 vs. pCO2; and f) 
average growth rate of steady growth phase vs. pCO2. Blue triangles + dashed lines represent the 
fitted values for the present day conditions in the Chatham Rise area, red triangles + dashed lines 
represent the fitted values for the predicted future conditions (2100) in the Chatham Rise area; and 
gray triangles represent the fitted values for the stock culture growing conditions (the levels are 
overlapped with the Chatham Rise present day conditions for irradiance, temperature and pCO2). 
Error bars represent standard deviation (n=3). 
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2.3.2 Response of Emiliania huxleyi photosynthetic rate to different environmental 

drivers 

Nitrate concentration greatly affected the photosynthetic rate of E. huxleyi 

within the tested range (Fig. 2.2a). The fitted half saturation constant Km was 13.71 ± 

4.74 µM, close to the value for the growth rate (Table 2.3). The photosynthetic rate 

increased by ten-fold (p<0.001) from the value of 0.06 ± 0.00 d-1 at 3.7 µM nitrate to 

the maximum value (Pmax, 0.66 ± 0.06 pg C cell-1 h-1) at a nitrate concentration of ~50 

µM and reached a plateau at that point, similar to the growth rate vs. nitrate response. 

As for the response to change in phosphate concentration (Fig. 2.2b), the photosynthetic 

rate of 0.58 ± 0.06 pg C cell-1 h-1 at the lowest phosphate concentration (0.6 µM) was 26% 

lower than that at 2 µM (p<0.05). However, there was no further significant change in 

the photosynthetic rate observed across other phosphate treatments (2, 6, 10 and 20 

µM). The ratio of Km values for photosynthetic rate between nitrate and phosphate was 

~114 (see Table 2.3), higher than that for growth rate (100). 

The photosynthesis response to irradiance (Fig. 2.2c) was also similar to the 

trend of growth rate. The calculated Ik value (saturation irradiance for photosynthesis) 

was ~65 µmol m-2 s-1. Compared to Pmax (1.57 ± 0.24 pg C cell-1 h-1), there was a 52% 

decrease in photosynthetic rate (1.03 ± 0.01 pg C cell-1 h-1) at the highest irradiance of 

650 µmol m-2 s-1 (p<0.05), indicating photo-inhibition of photosynthesis. Increased 

temperature significantly promoted the photosynthetic rate of E. huxleyi within the 

examined temperature range (Fig. 2.2d). The photosynthetic rate significantly increased 

by more than five-fold with warming from 4°C (0.06 ± 0.02 pg C cell-1 h-1) to 7°C (0.42 

± 0.02 pg C cell-1 h-1; p<0.05), and kept increasing by ~three-fold from 7°C to the value 

of 1.66 ± 0.06 pg C cell-1 h-1at 25°C (p<0.05). The fitted response curve of 

photosynthetic rate vs. temperature indicated an optimal temperature for photosynthesis 

at ~24°C with calculated Pmax value of 1.64 pg C cell-1 h-1. In contrast, change in pCO2 

level did not affect the E. huxleyi photosynthetic rate significantly (Fig. 2.2e). Although 

the average value was slightly lower at 79 ppm, the difference across all the pCO2 
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treatments was not statistically significant (p>0.05).  

 

 

Fig. 2.2. Changes in Emiliania huxleyi photosynthetic rate in response to different environmental 
drivers: a) photosynthetic rate vs. nitrate concentration; b) photosynthetic rate vs. phosphate 
concentration; c) photosynthetic rate vs. irradiance; d) photosynthetic rate vs. temperature; and e) 
photosynthetic rate vs. pCO2. Blue triangles + dashed lines represent the fitted values for the present 
day conditions of the Chatham Rise area, red triangles + dashed lines represent the fitted values for 
the predicted future conditions (2100) in the Chatham Rise area; and gray triangles + dashed lines 
represent the fitted values for the stock culture growing conditions (the levels are overlapped with 
the Chatham Rise present day conditions for irradiance, temperature and pCO2). Error bars represent 
standard deviation (n=3).    
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2.3.3 Response of Emiliania huxleyi calcification rate and 

calcification:photosynthesis ratio to different environmental drivers 

The response of E. huxleyi calcification rate to the nitrate concentration change 

was similar to that of photosynthesis (Fig. 2.3a). The fitted Km for nitrate was 21.40 ± 

8.31 µM for calcification rate, higher than the value for photosynthesis (13.71 ± 4.74 

µM, Table 2.3). The calcification rate increased with increasing nitrate concentration at 

low nitrate concentrations until it reached a plateau at ~50 µM. The ratio of 

calcification rate to photosynthetic rate (calcification:photosynthesis; Fig. 2.4a) slightly 

decreased with increasing nitrate concentration at low nitrate concentrations from 3.7 to 

12 µM, with the lowest value at a nitrate concentration of 12 µM. The ratio increased 

again at higher nitrate concentrations and there was no significant difference across the 

three highest nitrate levels tested (48, 96 and 200 µM; p>0.05).  

There was no significant difference in calcification rate across all the phosphate 

treatments (p>0.05) and the calcification rate kept relatively steady within the examined 

range of phosphate concentration (Fig. 2.3b). However, there was a 30% decrease 

(p<0.05) in the calcification:photosynthesis ratio when phosphate concentration 

increased from 0.4 µM (1.12 ± 0.16) to 2 µM (0.78 ± 0.08); and the ratio increased 

again from 2 µM to 10 µM phosphate (Fig. 2.4b). There was no significant difference 

among the four phosphate treatments of 0.4, 6, 10 and 20 µM. The fitted lowest 

calcification:photosynthesis ratio was 0.73. 

The calcification rate was highest at irradiance of 190 µmol photons m-2 s-1, 

with a value of 1.13 ± 0.24 pg C cell-1 h-1, 82% higher (p<0.05) than that at 14 µmol 

photons m-2 s-1. The calcification rate then decreased at the two highest irradiance 

levels of 350 µmol photons m-2 s-1 and 650 µmol photons m-2 s-1 (Fig. 2.3c). The 

calcification:photosynthesis ratio was significantly higher (values greater than 1.0) at 

the two lowest irradiances of 14 and 40 µmol photons m-2 s-1 compared to the other four 

treatments (p<0.05, Fig. 2.4c). The ratio dropped almost 40% from 1.37 ± 0.10 pg C 

cell-1 h-1at 40 µmol photons m-2 s-1 to 0.83 ± 0.13 pg C cell-1 h-1at 80 µmol photons m-2 
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s-1 and then kept relatively steady at high irradiance levels with no significant 

difference across the four treatments (80, 190, 350 and 650 µmol photons m-2 s-1; 

p>0.05). 

The calcification rate also significantly responded to temperature (Fig. 2.3d). 

Similar to growth rate and photosynthetic rate, the calcification rate significantly 

increased with elevated temperature, especially between 3°C and 15°C. The fitted 

optimal temperature for calcification was ~20°C, lower than those for both 

photosynthesis and growth rate. The calcification:photosynthesis ratio was significantly 

lower at 4°C and 7°C (values below 0.3) compared to the other four treatments (Fig. 

2.4d). Severe malformation of coccoliths (Fig. 2.5a and b), based on the SEM images, 

was also observed at 4°C and 7°C, in which more than 95% of the examined cells were 

found malformed. The calcification:photosynthesis ratio then increased with increasing 

temperature until it reached the maximum value of 0.92 at an optimal temperature 

~17°C (Fig. 2.4d), and no significant malformation was observed in other temperature 

treatments (see Fig. 2.5c for an example at 15°C). The calcification to photosynthesis 

ratio decreased again at high temperatures of 20°C and 25°C, with 37% decrease at 

25°C compared to the ratio at 15°C (p<0.05). 

In the CO2 manipulation experiment, there was a trend of decrease in 

calcification rate of E. huxleyi with rising pCO2 at pCO2≥180 ppm; however, the 

change was not statistically significant (p>0.05, Fig. 2.3e). In contrast, the calcification 

to photosynthesis ratio greatly decreased with rising pCO2, especially in the four higher 

pCO2 treatments (p<0.05; Fig. 2.4e). The ratio reduced by 23% from 0.94 ± 0.14 at 79 

ppm to 0.72 ± 0.03 at 1080 ppm and fitted well with a linear regression model. 
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Fig. 2.3. Changes in Emiliania huxleyi calcification rate in response to different environmental 
drivers: a) calcification rate vs. nitrate concentration; b) calcification rate vs. phosphate 
concentration; c) calcification rate vs. irradiance; d) calcification rate vs. temperature; and e) 
calcification rate vs. pCO2. Blue triangles + dashed lines represent the fitted values for the present 
day conditions of the Chatham Rise area, red triangles + dashed lines represent the fitted values for 
the predicted future conditions (2100) in the Chatham Rise area; and gray triangles + dashed lines 
represent the fitted values for the stock culture growing conditions (the levels are overlapped with 
the Chatham Rise present day conditions for irradiance, temperature and pCO2). Error bars represent 
standard deviation (n=3). 
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Fig. 2.4. Changes in Emiliania huxleyi calcification:photosynthesis ratio in response to different 
environmental drivers: a) calcification:photosynthesis ratio vs. nitrate concentration; b) calcification: 
photosynthesis ratio vs. phosphate concentration; c) calcification:photosynthesis ratio vs. irradiance; 
d) calcification: photosynthesis ratio vs. temperature; and e) calcification:photosynthesis ratio vs. 
pCO2. Blue triangles + dashed lines represent the fitted values for the present day conditions in the 
Chatham Rise area, red triangles + dashed lines represent the fitted values for the predicted future 
conditions (2100) in the Chatham Rise area; and gray triangles + dashed lines represent the fitted 
values for the stock culture growing conditions (the levels are overlapped with the Chatham Rise 
present day conditions for irradiance, temperature and pCO2). Error bars represent standard 
deviation (n=3).    
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Fig. 2.5. Scanning electron microscopic images of Emiliania huxleyi observed in three temperature 
treatments of the temperature manipulation experiment: significantly malformed coccoliths were 
observed at a) 4°C and b) 7°C; and c) normal coccoliths at 15°C.  
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2.3.4 Ranking of the importance of environmental drivers on the physiological rate 

processes of Emiliania huxleyi 

Based on the calculations of percentage changes in the future Chatham area 

relative to the present day conditions using the data obtained from the fitted curves, 

nitrate played the most important role in regulating the growth rate, photosynthetic rate 

and calcification rate, while CO2 was the most important factor affecting the 

calcification:photosynthesis ratio of E. huxleyi (Table 2.3). 

The 33% decrease in nitrate concentration from the present day level of 10 µM 

to 6.7 µM resulted in the highest percentage change (20% decrease) in growth rate 

among all the environmental drivers. Warming from 14°C to 16°C resulted in a 15% 

increase in growth rate, which ranked the second most important. The growth rate 

decreased by 4% and 3% when pCO2 increased from 380 to 750 ppm and phosphate 

concentration decreased by 33% (from 1 to 0.67 µM), respectively. Comparatively, the 

25% change in irradiance from 140 to 175 µmol m-2 s-1 resulted in the smallest change 

in growth rate (0.4% decrease). The photosynthetic rate also decreased the most (by 

22%) with the 33% decrease in nitrate concentration, which ranked the most important. 

The two degrees warming resulted in an 11% increase in photosynthetic rate. The 

photosynthetic rate decreased by 4% when phosphate concentration decreased by 33%. 

The changes in irradiance level and pCO2 from the present day to future projected 

levels resulted in decreases of photosynthetic rate of 3% and 2%, respectively. 

The calcification rate was decreased by 25% by decreasing nitrate concentration 

by 33%. Rising pCO2 from 380 ppm to 750 ppm and two degrees increase of 

temperature resulted in 14% decrease and 12% increase in calcification rate, 

respectively, ranked the second and third most important in controlling E. huxleyi 

calcification. There was a 2% decrease in calcification rate by 33% decrease of 

phosphate concentration. The 25% increase in irradiance affected the calcification rate 

the least (only 0.1% of increase). For the calcification:photosynthesis ratio, a rising 

pCO2 from 380 to 750 ppm played the most important role (10% decrease) among all 
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the drivers, while the decrease in nitrate concentration had the least effect (2% 

increase). 
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Table 2.4. Comparisons of growth rates, photosynthetic rates, calcification rates and 
calcification:photosynthesis ratios of Emiliania huxleyi between projected (year 2100) and present 
day Chatham Rise conditions, with the rankings of the importance of each environmental driver to 
each physiological rate process. The numbers of the ranking scheme represent the gradient of most 
(1) to least (5) important effects. Effect of “+” represents an increase and “-“ represents a decrease 
in the future, respectively. 
 
Physiological 

process 
Environmental 

driver 
Fitted values at different conditions of 

environmental drivers* 
Future vs. present day 

comparisons 

Control 
Present 

day 
Future 

Change 
(%)** 

Effects
(+/-) 

Ranking 

Growth rate 
(d-1) 

Nitrate 0.794 0.422 0.336 20.5 - 1�  

Temperature 0.854 0.854 0.984 15.2 + 2 

CO2 0.978 0.978 0.933 4.6 - 3 
Phosphate 0.646 0.608 0.588 3.3 - 4 
Irradiance 0.838 0.838 0.841 0.4 + 5 

Photosynthetic 
rate 

(pg C cell-1 h-1) 

Nitrate 0.576 0.278 0.216 22.2 - 1 
Temperature 1.237 1.237 1.379 11.5 + 2 

Phosphate 0.735 0.684 0.657 3.9 - 3 (n.s.) 

Irradiance 1.276 1.276 1.317 3.2 + 4 

CO2 0.858 0.858 0.881 2.8 + 5 

Calcification 
rate 

(pg C cell-1 h-1) 

Nitrate 0.513 0.200 0.150 25.1 - 1 

CO2 0.804 0.804 0.688 14.4 - 2 (n.s.) 
Temperature 1.057 1.057 1.181 11.8 + 3 

Phosphate 0.700 0.672 0.656 2.3 - 4 (n.s.) 

Irradiance 0.927 0.927 0.928 0.1 + 5 

Calcification: 
Photosynthesis 

CO2 0.887 0.887 0.799 9.9 - 1 

Phosphate 0.892 0.906 0.967 6.8 + 2 

Irradiance 0.810 0.810 0.764 5.8 - 3 

Temperature 0.870 0.870 0.913 4.9 + 4 

Nitrate 0.828 0.744 0.756 1.6 + 5 

*The fitted values for “control”, “present day” and “future” were extracted from the fitted 
dose-response curves (Fig. 2.1-2.4) at the stock culture growing conditions, average present day 
conditions in the Chatham Rise area, and the predicted future conditions (2100) of Chatham Rise 
(Table 2.1), respectively.  
** The percentage changes were calculated as the changes caused by each environmental driver on 
these physiological processes under the future predicted condition relative to that under the present 
day condition. 
�Numbers in bold indicate statistically significant difference between the range of present day and 
future conditions (nitrate treatments: 6.0 and 12.0 µM; phosphate treatments: 0.4 and 2 µM; 
irradiance treatments: 80 and 190 µmol photons m-2 s-1; temperature treatments: 11°C, 15°C and 
20°C) based on the one-way ANOVA. “n.s.” indicates non-significant difference (one-way ANOVA) 
among all the treatments used for the fitting.  



49!

2.4 Discussion 

The present study comprehensively examined the response of E. huxleyi (strain 

NIWA 1108) to the changes in five environmental drivers (nitrate concentration, 

phosphate concentration, irradiance, temperature and CO2) individually. The 

dose-response curves provide models of the physiological rate processes of E. huxleyi 

at a wide range of environmental conditions. Such models are useful in assessing the 

magnitiude of the rate process studied (e.g. photosynthesis rate) under a selected 

environmental condition (e.g. selected temperature or nitrate concentration) that was 

not tested experimentally (Boyd et al., 2013). Based on the values derived from the 

does-response curves, the importance of these different drivers on the physiology of E. 

huxleyi was ranked for the first time. However, although the models used for the 

fittings were carefully selected based on previous publications, there are limitations and 

errors of the model fittings, thus causing inevitable mismatch between the model 

predictions and the actual measured values (Barry & Elith, 2006). Therefore, it it is 

important to recognise that there are instances where the model prediction indicates an 

increase or decline in a certain physiological metric but the results of the ANOVA 

within a similar range of values indicates the difference is not significant. For example, 

the fitted dose-response curve suggested that there was a decreasing trend of growth 

rate when pCO2 was increased from 380 to 750 ppm, while there was no significant 

difference in directly measured growth rates between pCO2 treatments of 382 and 733 

ppm based on one-way ANOVA results (Fig. 2.1f). Therefore, when statistically 

non-significant differences were used for the rankings, this has been indicated in Table 

2.4, these rankings need to be taken cautiously, considering the uncertainties caused by 

the errors around mean values. 

2.4.1 Effects of CO2 on the physiological rate processes of Emiliania huxleyi 

The effects of rising pCO2 on the physiology of E. huxleyi, especially on the 

calcification process, have received more and more attention during the last decades 
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due to the sensitivity of calcification to seawater carbonate chemistry change (e.g. 

Riebesell et al., 2000b; Iglesias-Rodriguez et al., 2008). In the present study, rising 

pCO2 slightly decreased the calcification rate and the calcification:photosynthesis ratio, 

but had no significant effect on either photosynthetic rate or growth rate at the steady 

growth phase (Fig. 2.1e and 2.1f). Moreover, the E. huxleyi cultures showed an 

interesting acclimation of growth to pCO2 observed during the course of incubation. E. 

huxleyi is known to possess a low-affinity carbon concentrating mechanism (CCM) 

(Rost et al., 2003), thus its growth and photosynthesis might be limited, even at the 

present day seawater CO2 concentration as reported in some previous research 

(Riebesell et al., 2007; Reinfelder, 2011). However, the growth of E. huxleyi in the 

present study was able to acclimate to pCO2 as low as 79 ppm after 16 days of 

incubation, suggesting an ability to utilise other sources of inorganic carbon (i.e. HCO3
-) 

as a substrate for photosynthesis. Carbonic anhydrase (CA) has been found in the 

chloroplasts of E. huxleyi cells, and may convert HCO3
- to CO2 at the site of carbon 

fixation (Nimer et al., 1994b; Nimer et al., 1997). Although the E. huxleyi 

coccolith-bearing C-cells may lack external CA under exponential growth, previous 

studies suggested that the external CA of the high-calcifying E. huxleyi strain 88E was 

activated under low DIC concentrations (Nimer & Merrett, 1996). More recent studies 

on functional gene expression of E. huxleyi strain B92/11 observed that three of the five 

CAs measured (including both external and internal CAs) were up-regulated at low 

pCO2 (Bach et al., 2013). The increased activity of CAs might also be the case in the 

present study, explaining the acclimation of E. huxleyi growth to low pCO2 conditions 

and the lack of effect of pCO2 on photosynthetic rate (Fig. 2.2e). The response of 

functional gene expression to pCO2 including CAs is investigated in Chapter 5. 

The growth rate of E. huxleyi at the steady growth phase decreased slightly at 

high pCO2 in the present study (Fig. 2.1f), and there was an even greater decrease in 

both the calcification rate and calcification:photosynthesis ratio with rising pCO2 (Fig. 

2.3e and 2.4e). These trends might be caused by the effects of increasing proton (H+) 

concentration on cellular pH homeostasis at high pCO2 (Riebesell & Tortell, 2011). 
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Due to the presence of a H+ permeable pathway located on E. huxleyi plasma 

membrane, the intracellular pH of E. huxleyi (a strain isolated from Raune Fjord, 

Norway) has been observed to decrease linearly with decreasing of extracellular pH and 

increasing HCO3
- concentration in the medium (Suffrian et al., 2011). On the other 

hand, the pH of the intracellular coccolith vesicle (CV) is required to be higher than 

cytosol pH in order to maintain saturation state of the calcite produced inside CV 

(Anning et al., 1996). Therefore, the intracellular acidification may require more energy 

to counteract cytosol acidification by neutralising the H+ generated from calcification 

(Nimer & Merrett, 1993). The calcification process was hypothesised to be coupled 

with photosynthesis, as the CO2 or H+ produced in calcification might be used as 

substrate for photosynthesis in order to minimise the uptake of CO2 from seawater and 

avoid use of the energy-consuming CCM (Gussone et al., 2006; Ziveri et al., 2007; 

Raven, 2011). However, recent studies provided new evidence that there is no absolute 

linkage between the two processes, in which E. huxleyi photosynthesis was not affected 

when the calcification was weakened at very low Ca2+ concentrations (Trimborn et al., 

2007; Leonardos et al., 2009). Based on the above findings, it is assumed that more 

energy needs to be relocated to maintain the trans-plasmalemma electrical potential 

difference (determined by the pH gradient) in order to pump out the extra H+ generated 

in calcification at high pCO2 (Raven, 2011; Ries, 2011; Taylor et al., 2011). Thus this 

energy relocation to the H+ pump from growth and calcification may lead to the 

decreased growth and calcification rates of E. huxleyi at high pCO2 observed in the 

present study. 

In addition to changes in free CO2 concentration and H+ concentration, rising 

pCO2 also results in increasing HCO3
- concentration (Caldeira & Wickett, 2003), which 

may also affect E. huxleyi calcification as HCO3
- serves as the sole inorganic substrate 

for calcification (Paasche, 2002; Raven & Crawfurd, 2012). Incubation experiments 

conducted under a wide range of inorganic carbon concentrations suggested that the 

calcification rate of E. huxleyi was regulated by the HCO3
- concentration in the medium, 

but not the free CO2 concentration (Paasche, 1964; Bach et al., 2013). Similarly, in the 
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present study, the calcification rate was slightly lower at 79 ppm pCO2 than that at 180 

and 382 ppm, which was likely to be caused by the lower HCO3
-availability at 79 ppm. 

However, the present study was conducted using a DIC manipulation method (CO2 

bubbling) to mimic actual changes in the marine environment; therefore it is not able to 

dissect the differential effects on E. huxleyi of each seawater carbonate species. In spite 

of the increase in HCO3
- concentration in the high pCO2 treatment, both the 

calcification rate and calcification:photosynthesis ratio decreased possibly due to the 

effects of increasing H+ concentration, as described earlier. 

The wide range of calcification responses of E. huxleyi to CO2 concentration, 

reported by numerous studies, have been speculated to be dependent on different 

manipulation methods used (Hurd et al., 2009; Ridgwell et al., 2009; Hoppe et al., 2011) 

or the genotype difference (Langer et al., 2009; Read et al., 2013). The natural 

populations of E. huxleyi are able to adapt to highly varied CO2 concentrations with 

different calcification morphotypes observed under different pH regimes (Beaufort et 

al., 2011). Furthermore, the energy-dependent calcification response to CO2 might be 

regulated by other environmental drivers (Raven & Crawfurd, 2012) such as irradiance, 

temperature and nutrient availability. For example, Feng et al. (2008) reported that the 

cellular particulate inorganic carbon (PIC) content of E. huxleyi strain CCMP 371 was 

not significantly affected by pCO2 at an irradiance of 50 µmol photons m-2 s-1, but 

significantly decreased by raising pCO2 at a higher irradiance of 400 µmol photons 

m-2s-1. A study on a North Atlantic spring bloom community with E. huxleyi as the 

dominating species found a greatly decreased calcification rate only when pCO2 and 

temperature were both increased (Feng et al., 2009). The present CO2 manipulation 

experiment was conducted under a different temperature of 14°C and an irradiance of 

140 µmol photons m-2 s-1, conditions that the stock cultures have been adapted to. This 

physiological response of E. huxleyi to change in pCO2 might be different at other 

irradiance, temperature and nutrient levels, which might be the reason causing the 

differential responses to pCO2 changes. In addition, the E. huxleyi strain used in the 

present study is identified as morphotype A (based on the SEM image in Fig. 2.5c, with 
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robust distal shield and curved central area (Young et al., 2003)), while the strain 

CCMP 371 in Feng et al. (2008) is considered as morphotype B/C (thin plain plate, 

Young et al., 2003). Studies on different Southern Ocean E. huxleyi 

ecotypes/morphotypes suggested genetic differences between the two morphotypes 

(Cook et al., 2011). Furthermore, the calcification of morphotype B/C was weakened 

more with increasing pCO2 than that of morphotype A (Müller et al., in press). The 

different sensitivity of these two morphotypes in response to OA is probably the other 

cause of the different findings between the present study and Feng et al. (2008). 

2.4.2 Effects of nitrate and phosphate concentrations on the physiological rate 

processes of Emiliania huxleyi 

Nitrate concentration played a more important role in regulating the growth rate 

of E. huxleyi than phosphate concentration in the present study. Here the ratio of the 

half saturation constants between these two inorganic nutrient forms was ~100, about 

six times of the Redfield constant of 16 (Redfield et al., 1963). Previous studies also 

suggest that E. huxleyi is, in general, a poor competitor for nitrate (Riegman et al., 

1992), but has a much higher affinity for phosphate than other phytoplankton species 

(Riegman et al., 2000),with the ability of utilising organic phosphorus forms with the 

cell-surface bounding enzyme alkaline phosphatase (Riegman et al., 1992; Falkowski et 

al., 2004; Arrigo, 2005). The above discrepancy of phosphate and nitrate affinities of E. 

huxleyi also explains the lack of physiological response to phosphate concentration, 

compared to nitrate concentration, in the present study. Therefore, E. huxleyi is 

considered to be much more competitive under phosphate-limiting conditions. This 

explains other research that has found blooms of E. huxleyi in the natural environment 

when nitrate is replete but phosphate concentration lower than 0.3 µM (Riegman et al., 

2000). Also, the high affinity of this species to phosphate over nitrate have been 

successfully used as experimental basis in the model of E. huxleyi distribution in NE 

Atlantic by Tyrrell and Taylor (1996). 

In addition to growth rate, nitrate concentration is also the most important driver 
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controlling E. huxleyi photosynthetic and calcification rates in the present study, 

causing the largest change at the projected future condition compared to the average 

present day condition of the Chatham Rise area (Table 2.3). The importance of nitrate 

in the E. huxleyi photosynthesis and calcification process may lie in the following 

aspects: First, since nitrogen is an essential element for nucleic acid and protein 

synthesis, nitrate limitation might decrease the production of some proteins which are 

important transporters in photosynthesis and calcification (Raven & Crawfurd, 2012). 

These proteins may include DIC transporters in CCM (Quigg et al., 2011) and Ca2+, H+, 

HCO3
- transporters in calcification (Mackinder et al., 2011). Second, the complex 

calcification process occurs in the coccolith vesicle located inside the cell; thus this 

process may possibly be coupled with the cellular metabolisms which are directly 

affected by nitrate limitation by reducing the relevant enzyme activities (Burkhardt & 

Riebesell, 1997). Moreover, nitrogen is a required element in synthesising the organic 

matrix materials of coccoliths; as such, nitrate limitation may affect the coccolith 

formation of E. huxleyi (Sciandra et al., 2003) and nitrogen availability is considered as 

an absolute influencing factor on calcification (Paasche, 1964; Nimer & Merrett, 1993). 

In contrast, the ratio of calcification to photosynthesis in the present study was not 

greatly affected by nitrate limitation since the two rates reduced at a similar proportion 

with decreased nitrate concentrations.  

2.4.3 Effects of irradiance on the physiological rate processes of Emiliania huxleyi 

In the present study, increasing the irradiance level greatly promoted the growth 

and photosynthetic rates of E. huxleyi at irradiances below the saturation point (Fig. 

2.1c and 2.2c). Some studies observed a higher saturating irradiance for E. huxleyi 

growth than other phytoplankton groups, even up to more than 300 µmol photons m-2 

s-1depending on the incubation temperature (Nanninga & Tyrrell, 1996; Paasche, 1999). 

In comparison, the present study suggested a lower saturation irradiance of ~100 µmol 

photons m-2 s-1 for growth and photosynthesis at 14°C, and photo-inhibition was only 

found at the highest irradiance tested (650 µmol photons m-2 s-1) for both growth and 
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photosynthesis of the examined E. huxleyi strain NIWA1108. 

Interestingly, calcification rate of E. huxleyi in the present study was saturated at 

a lower irradiance than that for both growth and photosynthesis, with photo-inhibition 

of calcification also observed at lower irradiance of 350 µmol photons m-2 s-1 (Fig. 

2.3c). Similarly, a study on E. huxleyi strain 88E found that calcification was less light 

dependent than photosynthesis with calcification observed at dark at both temperatures 

of 15°C and 20°C. The different dependency on irradiance between calcification and 

photosynthesis might be due to the discrepancy in energy requirement of the two 

processes. The photon cost for calcification is considered to be 30% of that for 

photosynthesis as calculated by Anning et al. (1996) and even as low as 19% according 

to Raven and Crawfurd (2012). Previous studies provided evidence that the 

calcification process of E. huxleyi is regulated indirectly by irradiance based on the 

supporting energy from cyclic phosphorylation generated in photosystem I (PSI) but 

not PSII (Paasche, 1966b), and dependent on the blue-light effects on the HCO3
- 

transportation (Paasche, 1966a; 2002; Anderson, 2005). This mechanism of 

calcification regulation by irradiance indicates that the possibility of direct energetic 

limitation on calcification by irradiance is less likely compared with photosynthesis. 

Many studies even found an obvious dark calcification using a short-term 14C 

incubation (Paasche, 1966b; Balch et al., 1992; Nimer & Merrett, 1992). Therefore, the 

less reduced calcification rate at low irradiance led to significantly higher 

calcification:photosynthesis ratio (Fig. 2.4c) at the two lowest irradiance levels of 14 

and 40 µmol photons m-2 s-1 in the present study.  

2.4.4 Effects of temperature on the physiological rate processes of Emiliania 

huxleyi 

Temperature is an important factor controlling the metabolic rates of marine 

phytoplankton (Raven & Geider, 1988). The growth rate of the southern hemisphere E. 

huxleyi strain in the present study was significantly increased with warming from 4°C 

to 25°C (Fig. 2.1d). E. huxleyi is considered to be a r-selected species compared to 
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other coccolithophore species with higher growth rates (Fagerbakke et al., 1994), and it 

has been found existing in the natural environmental globally with a wide temperature 

range of 1°C ~ 30°C (Winter et al., 1994). Similarly, in the present study, the southern 

hemisphere temperate strain of E. huxleyi was able to grow within the temperature 

gradient of 21°C (4°C ~ 25°C). However, the E. huxleyi cells grew much more slowly 

at the lowest temperatures of 4°C and 7°C, compared to other temperature treatments. It 

has been suggested that the wide distribution of E. huxleyi is caused by the existence of 

temperature-selected ecotypes (Paasche, 2002). The southern hemisphere E. huxleyi 

strain used in this present study was isolated from a temperate region, and identified as 

type A morphotype (discussed in section 2.4.1). The E. huxleyi morphotype A has been 

only observed north of the Polar Front, while the other morphotype B/C (less calcified) 

mainly dominated in the colder region (south of the Polar Front), based on a survey on 

the Southern Ocean surface water coccolithophore distribution from year 2001 to 2006 

(Cubillos et al., 2007). In line with Cubillos et al. (2007), in the present study, the 

observed suppression in growth of the E. huxleyi morphotype A at low temperatures 

also indicates that the ability to adapt to low temperature conditions of this temperate E. 

huxleyi morphotype may be low; and thus the morphotype A is likely to be 

out-competed in the sub-polar or polar regions. 

In the present study, the optimal temperature for calcification was lower than 

that for photosynthesis (Fig. 2.2d and 2.3d). This led to significantly lower 

calcification:photosynthesis ratio at 25°C compared to that at 15°C, and yielded an 

optimal temperature of ~17°C for calcification:photosynthesis ratio (Fig. 2.4d). 

Interestingly, the temperature optimum for calcification rate was closer to the stock 

culture growing temperature (14°C), indicating a lower degree of tolerance of E. 

huxleyi calcification in response to temperature change, compared to growth and 

photosynthesis (Watabe & Wilbur, 1966). Furthermore, the calcification:photosynthesis 

ratio was found to be extremely low at the two lowest temperatures (4°C and 7°C). 

Similarly, a study on a E. huxleyi population in the North Sea (Paasche, 1968) reported 

a lower calcification rate compared to photosynthetic rate at low temperature. In the 



57!

present study, along with the significant decrease in calcification:photosynthesis ratio at 

4°C and 7°C, there was also a greater occurrence of severe malformed coccoliths at 

these lower temperatures (Fig. 2.5a and b). This malformation might be a consequence 

of the mismatch between cell growth and crystal formation at low temperatures 

(Watabe & Wilbur, 1966). 

2.4.5 Future predictions and the oceanic implications 

Growth, photosynthesis and calcification are all important processes in E. 

huxleyi physiology and the calcification:photosynthesis ratio has implications in the 

marine carbon cycle (Rost & Riebesell, 2004). The present study is able to tease apart 

the effect that each environmental driver plays on these physiological rate processes 

individually, and can thereby improve our understanding of how growth, 

photosynthesis and calcification will respond to the future changes in the marine 

environment. The results suggest that the predicted future (2100) change in nitrate 

concentration in the Chatham Rise area will decrease the growth, photosynthetic and 

calcification rates of E. huxleyi strain NIWA1108, playing the most important role in 

regulating these three physiological rates compared to the other four environmental 

drivers. In addition, warming plays the second most important role in regulating the 

growth and photosynthesis of E. huxleyi by increasing both growth and photosynthetic 

rates. Moreover, rising pCO2 ranks the second most important in regulating 

calcification, by decreasing the calcification rate; meanwhile, rising pCO2 will decrease 

the calcification:photosynthesis ratio of E. huxleyi, and ranked as the most important 

driver controlling calcification:photosynthesis ratio. 

Interestingly, although changes in both irradiance and temperature significantly 

affected the growth, photosynthesis and calcification rates of E. huxleyi within the 

examined range in the present study, neither driver played the most important role in 

regulating growth, photosynthesis or calcification based on the future predictions. This 

may be due to the relatively small predicted future (2100) changes for these two drivers 

in the Chatham Rise. In the present study, irradiance was increased by 25% from 140 to 
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175 µmol photons m-2 s-1, between which all the three rates were in the saturated phase. 

Similarly, there was only 2°C of predicted increase in temperature (from 14°C to 16°C) 

and led to smaller changes in the growth, photosynthesis and calcification rates than 

nitrate concentration. Therefore, the magnitude of predicted changes in environmental 

conditions may also be an important factor when making predictions for the future 

changes in E. huxleyi physiology in different regions. 

In summary, this study suggested that, although OA plays the most important 

role controlling the calcification:photosynthesis ratio of E. huxleyi in the predicted 

future conditions for the year 2100 in the Chatham Rise, other environmental drivers 

(such as nitrate concentration) play an even more important role in regulating the 

growth, photosynthesis and calcification rates. This further suggests the importance of 

considering other environmental drivers in addition to OA when examining the 

physiological responses of E. huxleyi to the future environmental changes. Chapter 3 

continues to investigate the effects of the five environmental drivers (nitrate, phosphate, 

irradiance, temperature and CO2) on the elemental composition of this southern 

hemisphere E. huxleyi strain. Chapter 4 examines the two-way interactive effects of the 

other four environmental drivers with OA and the multi-factorial effects of all the five 

environmental drivers at the projected (2100) future conditions in the Chatham Rise 

area on the physiology of E. huxleyi. Furthermore, in Chapter 5, the effects of OA and 

the interactive effects of other four environmental drivers together with OA on E. 

huxleyi physiology are studied on the molecular level by examining the functional gene 

expressions. These results together will provide valuable new diagnostic information 

for directing the future research to better understand how this model coccolithophore 

species will respond to the ongoing global climate change. 
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Chapter 3.  Environmental controls on the elemental composition of 

Emiliania huxleyi 

3.1 Introduction 

The global climate continues to change since the Industrial Revolution; different 

environmental factors important for the physiology of marine phytoplankton and 

oceanic primary productivity have been altered (Sarmiento et al., 2004). These 

environmental changes include ocean acidification (OA), mainly caused by 

anthropogenic CO2 emissions, rising sea surface temperature (SST), intensified 

stratification due to the warming of surface and subsurface water, and associated 

variation in irradiance levels and nutrient availability in the upper water column (Rost 

& Riebesell, 2004; IPCC, 2013; see Chapter 1). In the frame of future global change, all 

of these environmental variables will affect the physiology and ecology of marine 

phytoplankton, both individually and interactively, in a complex way (Boyd & 

Hutchins, 2012, Chapter 1 and Chapter 2). 

Phytoplankton elemental composition is one of the physiological properties that 

may influence the metabolic rates of phytoplankton, phytoplankton evolution, marine 

food web structure, the consequent carbon export to the deep ocean and marine 

biogeochemistry (Finkel et al., 2010 and references therein). The widely-recognized 

average molar elemental ratios of C:N:P are around 106:16:1 for marine phytoplankton 

assemblages, which is known as the Redfield ratio (Redfield, 1934; Redfield et al., 

1963). However, individual phytoplankton species may have elemental ratios deviating 

from the Redfield ratio (Ho et al., 2003; Finkel et al., 2010). In addition, changing 

environmental conditions may varyingly alter the stoichiometry of different marine 

phytoplankton species (see Finkel et al., 2010; Sardans et al., 2012 for comprehensive 

reviews). It is known that cell stoichiometry may depend on nutrient availability (Perry, 

1976; Hecky et al., 1993) and irradiance levels as the energy source for nutrient 



60!

assimilation (Goldman, 1986). Temperature changes mainly alter metabolic rates, and 

thus influence the diffusive rate of nutrients transported into cells and so may also 

affect the elemental composition of phytoplankton (Raven & Geider, 1988). Studies on 

diatoms indicate differential effects of temperature on nitrate, ammonium and urea 

uptake and assimilation (Lomas & Glibert, 1999a; b). In general, every 1°C warming of 

temperature results in an average of 2.5% reduction in cell volume (Atkinson et al., 

2003), which may further decrease the cellular elemental content. For example, the 

cellular particulate organic nitrogen (PON) content of the coccolithophore Emiliania 

huxleyi strain CCMP 371 was greatly reduced by 4°C warming at an irradiance of 50 

µmol photons m-2 s-1 (Feng et al., 2008). CO2 enrichment during cell growth may result 

in higher cellular C:N and C:P ratios mainly due to the increase in cellular carbon 

content with more CO2 as substrate for photosynthesis (Fu et al., 2007; Feng et al., 

2008; Fu et al., 2008; Iglesias-Rodriguez et al., 2008; Beardall et al., 2009). However, 

this dependency of C:N or C:P ratios on CO2 availability can be species-specific. 

Studies on several diatom species suggested both increased and decreased C:N and C:P 

ratios depending on the species tested (Burkhardt & Riebesell, 1997; Burkhardt et al., 

1999). The effects of rising pCO2 on the N:P ratio is still unclear due to large variation 

observed in previous studies (Sardans et al., 2012). The N:P ratio of Synechococcus 

increased with rising CO2 concentration, but remained unchanged for Prochlorococcus 

(Fu et al., 2007) or E. huxleyi (Feng et al., 2008). 

Due to the significance coccolithophore E. huxleyi plays in the marine carbon 

cycle, it is important to understand how this species will respond to these global 

change-associated environmental drivers to allow further modeling of the future 

changes in phytoplankton primary and export production and the consequent marine 

biogeochemistry (Chapters 1 and 2). Previous results of decreased calcification with 

rising CO2 concentration (Riebesell et al., 2000b; Zondervan et al., 2002; Feng et al., 

2008) have been challenged by more recent studies of increased calcification at higher 

pCO2 levels (Iglesias-Rodriguez et al., 2008; Shi et al., 2009). These 

varying/inconsistent responses of E. huxleyi calcification to CO2 may be strain-specific 



61!

(Langer et al.(2009), see Chapter 1). In addition to CO2 concentration, other important 

environmental drivers, such as nutrient concentrations, irradiance and temperature can 

also affect the growth, photosynthesis and calcification of E. huxleyi both individually 

and interactively (Zondervan, 2007; Raven & Crawfurd, 2012, Chapter 2). The changes 

in the above physiological rate processes may in turn alter the cellular carbon 

composition, thus further altering the carbon export of this species into the deep ocean 

(Rost & Riebesell, 2004). Knowledge on how the different environmental drivers will 

affect the elemental composition of E. huxleyi is important for a more complete 

understanding of the physiological responses of this species to the changing 

environment and the consequent effects on the biogeochemical cycles. 

The major objective of the present study is to investigate and rank the 

importance of environmental drivers, including nitrate concentration, phosphate 

concentration, irradiance, temperature and pCO2 on the elemental composition of the 

marine coccolithophore E. huxleyi (southern hemisphere strain NIWA1108). This study 

was conducted in the same set of semi-continuous incubation experiments presented in 

Chapter 2, by changing the conditions of one environmental driver at a time in order to 

examine the effects of each environmental driver separately. In Chapter 2, the results on 

growth, photosynthetic and calcification rates were reported. This chapter will mainly 

focus on the results of elemental composition, including cellular particulate organic 

carbon (POC), cellular inorganic carbon (PIC), cellular PIC to POC ratio (PIC:POC), 

cellular PON and cellular particulate organic phosphorus (POP) and cellular elemental 

ratios (C:N:P). The importance of the different environmental drivers on the cellular 

elemental composition will be ranked using a semi-quantitative approach by comparing 

the percentage change under the projected conditions for the year 2100 relative to the 

present day conditions in the Chatham Rise area. This approach will provide additional 

information to understand the importance of these global change related environmental 

drivers on the vertical carbon export into the deep layers by the ecologically important 

species E. huxleyi and their influence on marine biogeochemistry. The results of this 

chapter and Chapter 2 together will direct the future research by providing diagnostic 
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information to aid selection of the important drivers for studies of global change related 

biology and ecology on this species. 

3.2 Materials and methods 

3.2.1 Experimental setup 

As described in Chapter 2, the marine coccolithophore Emiliania huxleyi (strain 

NIWA1108) was isolated from Chatham Rise, east of New Zealand by Dr. H. Chang in 

November 2008. The stock culture was maintained in the laboratory at 14°C and an 

irradiance of 110~140 µmol m-2 s-1, under a light/dark cycle of 12 h/12 h. The medium 

used for maintaining the stock culture was made of coastal seawater from the Otago 

harbour (background nutrient concentrations: phosphate 0.3-0.6 µM, nitrate 3-6 µM), 

filtered using 0.2 µm pore size filtration cartridge (WhatmanTM) and supplemented with 

nutrient stock solutions to give a final concentrations of nitrate 96 µM and phosphate 6 

µM, without silicate addition. Trace metal and vitamin stock solutions were added 

according to f/20 recipe (10 times dilution of f/2 level) (Guillard & Ryther, 1962). 

To begin the manipulation experiments, E. huxleyi cells under exponential 

growth phase were transferred into 500-mL polycarbonate bottles with screw caps and 

subjected to a series of semi-continuous incubation experiments under different nutrient, 

irradiance, temperature and pCO2 conditions. The level of only one environmental 

driver was manipulated at a time for one incubation experiment, with other 

environmental levels remaining the same as the stock culture growing conditions. The 

examined levels of different drivers were carefully selected to cover a broad range of 

conditions both in the natural environment and the levels used for general laboratory 

incubations (see Chapter 2). The initial cell abundances were diluted to ~104 cell mL-1 

and chlorophyll a (Chl-a) in vivo fluorescence readings were monitored daily as 

indicators of Chl-a biomass and cell growth. After 2-3 days of acclimation under the 

experimental conditions, daily dilution was started using freshly made seawater 

medium into each incubation bottles to adjust the biomass to the level of the previous 
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day. For all the experiments, trace metal and vitamin stock solutions were added to the 

seawater media to final concentrations of f/20 levels. All the incubation experiments 

were carried out in walk-in growth chambers (Model 650, Contherm, New Zealand), 

with metal halide lamps (full spectrum) as light source from above, under light/dark 

cycle of 12 h/12 h. Irradiance levels were measured using a quantum PAR sensor (2100 

series, Biospherical Instruments Inc., San Diego, CA, USA). 

The phosphate manipulation experiment was carried out using five experimental 

treatments in triplicates with the following phosphate concentrations: 0.4 (seawater 

background concentration), 2, 6, 10 and 20 µM. Six experimental treatments were 

examined in triplicate in the nitrate manipulation experiment, with the following nitrate 

concentrations respectively: 3.7 (seawater background concentration), 6, 12, 48, 96 and 

200 µM. For the irradiance manipulation experiment, six irradiance treatments were 

examined in triplicate: 14, 40, 80, 190, 350 and 650 µmol photons m-2 s-1. Different 

irradiance levels were obtained by wrapping the incubation bottles with different layers 

(5 to 0) of neutral density screens. The temperature was controlled by incubating the 

culture bottles in a water tank connected with a chiller (HC150A, Hailea, China) 

through a water pump to maintain the experimental temperature at 14°C. 

Six temperature treatments were examined in the temperature manipulation 

experiment: 4°C, 7°C, 11°C, 15°C, 20°C and 25°C. The triplicate incubation bottles of 

each temperature treatment were incubated in a separate water tank connected with a 

chiller (HC150A, Hailea, China) for temperature control. The 4°C and 7°C treatments 

were incubated in a walk-in growth chamber with ambient air temperature set to 7°C. 

The cultures at 4°C were acclimated to the low temperature gradually by growing the 

stock cultures at 7°C for three days and then transferring to 4°C for the experiment. The 

other four treatments (11°C – 25°C) were incubated in another walk-in growth chamber 

set to 25°C.In all cases, the temperature in each water tank was monitored continuously 

with a Hobo pendantTM temperature/light logger (Hobo, MA, US). The temperature 

variation in each experimental treatment was ±0.5°C. 
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For the CO2 manipulation experiment, six pCO2 treatments (79, 150, 382, 568, 

733 and 1080 ppm) were examined. Seawater media used for all the experimental 

treatments were pre-adjusted to the projected conditions by bubbling the seawater 

medium using nitrogen gas (for 79, 150 and 382 ppm) or 10% CO2 in air (for 568 and 

733 ppm) before being used for the daily dilution of E. huxleyi culture. The caps of the 

incubation bottles were specially designed with a pH sampling port and gas in- and 

out-flow ports. CO2 concentrations were maintained in the incubation bottles by gentle 

bubbling with certified commercial CO2 and air gas mixtures (BOC gas, New Zealand) 

with the corresponding concentrations through TygonTM tubing connected with the gas 

in-flow ports. The pH sampling ports were connected with an automated 

specotrophotometric pH measurement system (Hoffmann et al., 2013) to measure the 

pH values of all the experimental treatments twice daily, before and after the daily 

dilution of the culture. 

For each culture, the final sampling was performed after the daily monitored 

growth rate reached relatively constant (daily variations <10%) for more than seven 

generations for all the incubation experiments (Feng et al., 2008). This yielded total 

acclimation of the cultures to the experimental conditions for ~20 days. Samples were 

collected for cell counts, Chl-a biomass, elemental components (POC, PIC, PON and 

POP), calcification and photosynthetic rate measurements, ribonucleic acid (RNA) 

extraction and for morphological analysis by scanning electron microscope (SEM), as 

described below and in Chapter 2. 

3.2.2 Sample analyses 

Cell counts and Chl-a 

One mL subsamples for cell counts was taken from each incubation bottle, 

preserved by adding 6 µL modified Lugol’s solution, and then kept in dark at 4°C.The 

Lugol’s solution was prepared as previously described in Chapter 2. Cell abundance 

was determined with a phytoplankton counting chamber (PhycoTech, US) using a Zeiss 
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microscope (Axiostar plus, Germany) at a magnification of ×200. In vivo Chl-a 

fluorescence was measured using a Turner 10-AU fluorometer. For Chl-a concentration 

analysis, 5-10 mL of samples were filtered under a low vacuum (30-40 mm Hg) onto 

GF/F glass fiber filters (WhatmanTM). 90% acetone was then added for Chl-a pigment 

extraction at 4°C in dark for 18 hours. Chl-a concentration was measured using a 

Turner 10-AU fluorometer before and after acidification by adding 1-2 drops of 10% 

HCl (Welschmeyer, 1994). 

Elemental composition 

Two sets of 30 mL subsamples from each incubation bottle were filtered onto 

pre-combusted (2 hours at 450°C) GF/F glass fiber filters (WhatmanTM) for PON, 

particulate total carbon (PTC) and POC measurements. The filters were then dried at 

55°C and stored in a desiccator. One set of the filters were for POC analysis, which 

were fumed with saturated HCl for 3 hours in order to remove all the inorganic carbon 

(Zondervan et al., 2002) and then dried before analysis. PON, PTC and POC were 

measured using an elemental combustion system (Elementar vario EL III, Germany). 

PIC content was calculated by subtracting PIC from PTC values. 

Twenty mL subsamples for POP measurements were filtered onto 

pre-combusted (2 hours at 450°C) GF/F filters (WhatmanTM), rinsed with 2 mL of 0.17 

mol L-1 Na2SO4, and transferred into pre-combusted borosilicate scintillation vials (8 

hours at 450°C) with 2 ml 0.017 mol L-1 MgSO4 added to each vial. The samples were 

covered with aluminum foil and dried at 55°C. For analysis, the vials containing the 

filters were combusted for 2 hours at 450°C and 5 mL of 0.2 mol L-1 HCl was added 

after cooling. The vials were then capped and heated at 80-90°C for 30 minutes for 

digestion. The digested samples were analysed using molybdate colorimetric method 

(Solozano & Sharp, 1980). A combined colouring reagent was made by mixing the 

following solutions in volume ratios of 5:2:2:1:2.4 M H2SO4, 0.024 M 

(NH4)6Mo7O24·4H2O, 0.31 M ascorbic acid and 0.004 M K(SbO)C4H4O6·1/2 H2O. 0.5 

mL of combined reagent was then added to each vial, and the absorbance was measured 
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using a spectrophotometer (Ultrospec 3000, Pharmacia Biotech, Sweden) after 15 

minutes of colour development. Three filter blanks were measured along with the 

samples. A standard curve was obtained by measuring the absorbance of a series of 

standard KH2PO4 solutions using the same batch of reagents. 

3.2.3 Data analyses 

The effects of different environmental drivers on the elemental composition of 

E. huxleyi and their stoichiometric ratios were identified with one-way analysis of 

variance (ANOVA) using commercial statistical software package SigmaStat (Version 

3.5; Jandel Scientific, San Rafael, CA, US). Differences between treatments were 

considered significant when p<0.05. Post-hoc comparisons using the 

Student-Neuman-Keuls (SNK) test were conducted to determine any differences 

between treatments. For the environmental drivers which had significant effects on the 

elemental composition and ratios of E. huxleyi within the examined range, the response 

curves to the drivers were fitted using the following models. 

All the equations for the dose-response curve fittings in this chapter are listed in 

Table 3.1. The dose-response curves for cellular POC vs. pCO2, cellular PON vs. nitrate, 

cellular POP vs. nitrate, cellular POP vs. phosphate, cellular POP vs. pCO2 and C:Chl-a 

vs. pCO2 were fitted using the Michaelis-Menten function (Eq. 2.2, Chapter 2). The 

dose-response curve of cellular POC vs. irradiance was fitted using the Monod function 

with a photo-inhibition term (Eq. 2.4, Chapter 2). The modified Monod function with a 

photo-inhibition term was used for fitting of the PIC:POC vs. irradiance response curve 

(Eq. 2.7, Chapter 2). The temperature response curves of cellular POC, cellular PON, 

cellular POP content and C:Chl-a ratio, the PIC:POC ratio vs. pCO2, and C:Chl-a ratio 

vs. nitrate response curves were fitted to the one phase decay model (Eq. 2.8, Chapter 

2). Due to the unchanged PIC contents at 4°C, 7°C and 11°C, the one phase decay 

model fitting was only conducted for the data from treatments between 11°C and 25°C. 

The PIC:POC ratio vs. temperature response curve was fitted to the temperature 

response model described as Eq. 2.5 in Chapter 2. The C:Chl-a ratio vs. phosphate and 
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C:Chl-a ratio vs. irradiance relationships were fitted using a linear regression model. 

All of the curve-fitting was performed using least square fit with Prism software 

(version 5.0; GraphPad Prism Software, San Diego, CA, US) with all the triplicate data 

of the experimental treatments. The fitted constants and the parameters of goodness of 

fit of each fitting are presented in Table 3.1 (Burham & Anderson, 1998). 

The same approach as used in Chapter 2 was performed to rank the relative 

importance of the environmental drivers on the elemental composition of E. huxleyi that 

have been found to have significant effects from one-way ANOVA analyses. Firstly, 

the two values of the physiological parameter (elemental composition in the present 

chapter) at the average present-day condition and the projected condition for the year 

2100 (Table 2.1) were derived respectively from each of fitted dose-response curves for 

the environmental drivers which had significant effects. The conditions used for each 

driver was the same as used in Chapter 2 (Table 2.1), projected using Coupled Model 

Intercomparison Project phase 5 (CMIP5) models (G. Rickard (NIWA) personal 

communication, and Boyd & Law, 2011). The magnitude and direction of percentage 

change in the elemental composition of the projected condition relative to the present 

day condition caused by the variation of each environmental driver was then calculated. 

The ranking was finally conducted by comparing the absolute values of the calculated 

percentage changes of the physiological metrics caused by each driver. The driver that 

caused the largest percentage change was selected as the most important controlling 

driver.   

  



68!

 

Table 3.1. Parameters from the equation fittings of Emiliania huxleyi elemental composition vs. 
different environmental drivers. 

Physiological 
metrics 

Driver Equation 
Fitted 

parameters 
Goodness of fit* 

Cellular POC 

Irradiance ! ! = !!!"
!

! + ! + !!
!!"!

 
Qmax = 18.07 

k = 18.67 

Kinh = 1562 

R2 = 0.69 

DF = 12 

Temperature ! ! = !! − !! !!!" + !! 

Q0 = 51.76 

Qc = 7.21 

k = 0.18 

R2 = 0.90 

DF = 15 

pCO2 ! ! = !!"#
!

! + !!
 

Qmax = 16.36 

Km = 44.86 

R2 = 0.36 

DF = 15 

Cellular PIC Temperature ! ! = !! − !! !!!" + !! 

Q0 = 206.9 

Qc = 6.94 

k = 0.29 

R2 = 0.85 

DF = 9 

PIC:POC 

Irradiance ! ! =
! + ! + !!

!!"!
!!!"#

 

Rmax = 1.49 

k = 11.15 

Kinh = 1753 

R2 = 0.74 

DF = 13 

Temperature ! ! = !!!" 1 − ! − !
!/2

!
 

a = 1.05 

b ~ 0 

z = 17.24 

w = 38.95 

R2 = 0.38 

DF = 14 

pCO2 ! ! = !! − !! !!!" + !! 

R0 = 2.07 

Rc = 0.82 

k = 0.01 

R2 = 0.74 

DF = 12 

Cellular PON 

Nitrate ! ! = !!"#
!

! + !!
 

Qmax = 2.23 

Km = 6.13 

R2 = 0.76 

DF = 14 

Temperature ! ! = !! − !! !!!" + !! 

Q0 = 5.79 

Qc = 1.07 

k = 0.11 

R2 = 0.93 

DF = 13 

Cellular POP 

Nitrate ! ! = !!"#
!

! + !!
 

Qmax = 0.31 

Km = 2.46 

R2 = 0.64 

DF = 16 

Phosphate ! ! = !!"#
!

! + !!
 

Qmax = 0.36 

Km = 2.44 

R2 = 0.96 

DF = 12 

Temperature ! ! = !! − !! !!!" + !! 

Q0 = 2.29 

Qc = 0.20 

k = 0.22 

R2 = 0.96 

DF = 15 

pCO2 ! ! = !!"#
!

! + !!
 

Qmax = 0.37; 

Km = 82.40 

R2 = 0.65 

DF = 16 
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Physiological 
metrics 

Driver Equation 
Fitted 

parameters 
Goodness of fit* 

C:Chl-a 

Nitrate ! ! = !! − !! !!!" + !! 

R0 = 1312 

Rc = 57.47 

k = 0.34 

R2 = 0.95 

DF = 13 

Phosphate ! ! = ! − !" 
a = 0.74; 

b = 74.18 

R2 = 0.54 

F (1,11)=13.10;  

p<0.05 

Irradiance ! ! = ! − !" 
a = -0.10; 

b = 49.22 

R2 = 0.89 

F (1,14)=108.1; 

p<0.0001 

Temperature ! ! = !! − !! !!!" + !! 

R0 = 534 

Rc = 51.89 

k = 0.45 

R2 = 0.77 

DF = 15 

pCO2 ! ! = !!"#
!

! + !!
 

Rmax = 78.61; 

Km = 50.21 

R2 = 0.48 

DF = 15 
*Parameters representing the goodness of fit include R2 (the correlation coefficient) and DF (degree 
of freedom) for the non-linear regressions; and R2, F value, and p value (F and p values test whether 
the slope is significantly different from zero, with a significant level when p<0.05) for the linear 
regression. 
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3.3 Results 

3.3.1 Response of Emiliania huxleyi cellular POC content to different 

environmental drivers 

Changing nitrate or phosphate concentration did not significantly alter the 

cellular POC content of E. huxleyi within the tested ranges (Fig. 3.1a and b). The 

average cellular POC content was 12.25 ± 1.84 pg cell-1 and 10.68 ± 0.75 pg cell-1 in 

the phosphate and nitrate manipulation experiments, respectively. Increasing irradiance 

from 14 to 190 µmol photons m-2 s-1 significantly increased the cellular POC content 

more than two-fold from 8.20 ± 2.39 to 19.17 ± 1.23 pg cell-1 (p<0.05). POC content 

then significantly decreased to 13.82 ± 0.44 pg cell-1 at 350 µmol photons m-2 s-1 and 

11.57 ± 1.32 pg cell-1 at 650 µmol photons m-2 s-1 (Fig. 3.1c). An obvious trend of 

decreased E. huxleyi cellular POC content with elevated temperature was observed 

from the temperature manipulation experiment (Fig. 3.1d). Cellular POC (28.85 ± 6.98 

pg cell-1) was observed to be significantly higher than all the other treatments (p<0.05) 

at the lowest temperature of 4°C and significantly reduced by ~ 70% to 7.98 ± 0.66 pg 

cell-1 at 20°C 7.77 ± 0.38 pg cell-1 at 25°C (p<0.05). There was no statistically 

significant difference between the two highest temperature treatments. Raising pCO2 

from 79 to 382 ppm gradually increased the cellular POC content from 9.63 ± 1.67 to 

15.60 ± 3.82 pg cell-1 (Fig. 3.1e). The values then stayed relatively similar from 382 to 

1080 ppm.   
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Fig. 3.1. Changes in Emiliania huxleyi cellular particulate organic carbon (POC) content in response 
to different environmental drivers: a) cellular POC vs. nitrate concentration; b) cellular POC vs. 
phosphate concentration; c) cellular POC vs. irradiance; d) cellular POC vs. temperature; and e) 
cellular POC vs. pCO2. Blue triangles + dashed lines represent the fitted values for the present-day 
conditions in the Chatham Rise area; and red triangles + dashed lines represent the fitted values for 
the predicted future conditions (2100) at the Chatham Rise. Error bars represent standard deviations 
(n=3). 

 

  

0 5 10 15 20
0

5

10

15

20

50 100 150 200 250

a

Nitrate (µM)

C
el

lu
la

r 
PO

C
 (p

g 
ce

ll-1
)

0.0 0.5 1.0
0

5

10

15

20

5 10 15 20 25

b

Phosphate (µM)

C
el

lu
la

r 
PO

C
 (p

g 
ce

ll-1
)

0 50 100 150 200
0

5

10

15

20

25

400 600 800

c

Irradiance (µmol photons m-2 s-1)

C
el

lu
la

r 
PO

C
 (p

g 
ce

ll-1
)

0 5 10 15 20 25 30
0

10

20

30

40 d

Temperature (°C)

C
el

lu
la

r 
PO

C
 (p

g 
ce

ll-1
)

0 200 400 600 800 1000 1200
0

5

10

15

20

25 e

pCO2 (ppm)

C
el

lu
la

r 
PO

C
 (p

g 
ce

ll-1
)



72!

3.3.2 Response of Emiliania huxleyi cellular PIC content to different 

environmental drivers 

There was no statistically significant difference in cellular PIC content among 

different nitrate concentrations, with an average value of 10.56 ± 1.89 pg cell-1 (Fig. 

3.2a). For the phosphate manipulation experiment, the lowest cellular PIC content (6.62 

± 1.07 pg cell-1) was observed at the lowest phosphate concentration of 0.4 µM, 

however the difference in PIC content between 0.4 µM and other phosphate treatments 

was not statistically significant due to the high variation in the triplicate values. The 

highest PIC content (11.89 ± 3.69 pg cell-1) was observed at 6 µM phosphate (Fig. 3.2b). 

Decreasing irradiance slightly decreased the average cellular PIC content of E. huxleyi, 

but the difference in PIC content between low and high irradiance levels was not 

statistically significant (Fig. 3.2c). There was a general trend of decreased cellular PIC 

content of E. huxleyi with warming from 11°C to 20°C (Fig. 3.2d). The cellular PIC 

content was significantly lower at 20°C and 25°C compared to the other four lower 

temperature treatments (p<0.05). More than a 50% decrease in cellular PIC content was 

observed at the two highest temperature conditions, relative to the 7°C treatment. 

However, there were no significant differences between the other temperature 

treatments. The fitted Qc value was 6.94 ± 0.93 pg cell-1, close to the average value at 

the two highest temperatures (Table 3.1). The cellular PIC content across all the pCO2 

was not statistically significant, with average values of 12.78 ± 1.88 pg cell-1 (Fig. 

3.2e). 
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Fig. 3.2. Changes in Emiliania huxleyi cellular particulate inorganic carbon (PIC) content in 
response to different environmental drivers: a) cellular PIC vs. nitrate concentration; b) cellular PIC 
vs. phosphate concentration; c) cellular PIC vs. irradiance; d) cellular PIC vs. temperature; and e) 
cellular PIC vs. pCO2. Blue triangles + blue dashed lines represent the fitted values for the current 
conditions of the Chatham Rise area, and red triangles + red dashed lines represent the fitted values 
for the predicted future conditions (2100) at the Chatham Rise. Error bars represent standard 
deviations (n=3). 
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3.3.3 Response of Emiliania huxleyi PIC:POC ratio to different environmental 

drivers 

In general, there was no statistical difference between PIC:POC ratio across all 

the nitrate concentrations examined, although the value of 0.61 ± 0.06 pg cell-1 in the 

treatment of 12 µM nitrate was much lower than other nitrate treatments (3.7, 6.0, 50, 

100 and 200 µM), where the average PIC:POC ratio was 0.90 ± 0.17pg cell-1 (Fig. 3.3a). 

Again, there was no significant difference when varying phosphate concentrations, with 

an average PIC:POC ratio of 0.88 ± 0.23 pg cell-1 across all the phosphate treatments 

(Fig. 3.3b). The cellular PIC:POC ratio of E. huxleyi was significantly altered by 

irradiance, temperature and CO2 concentration within the tested ranges. The highest 

cellular PIC:POC ratio of 1.20 ± 0.09 was observed at 19 µmol photons m-2 s-1 (p<0.05, 

compared to all other irradiance treatments). The ratio then slightly decreased with 

increasing irradiance to 0.72 ± 0.10 at 190 µmol photons m-2 s-1 and slightly increased 

again at the two highest irradiances (Fig. 3.3c); The fitted Qmax (reciprocal value of 

PIC:POC) was 1.49 ± 0.13. In the temperature manipulation experiment, the PIC:POC 

ratio was significantly lower (p<0.05) at the lowest temperature (4°C) than any other 

treatments, with a value of 0.45 ± 0.03 pg cell-1. There was no significant change in the 

cellular PIC:POC ratio when temperature was elevated between 7°C to 25°C, and the 

average value was 0.94 ± 0.21 pg cell-1, more than double of that at 4°C (Fig. 3.3d). 

Although neither cellular POC nor PIC content changed significantly with variation of 

the pCO2 levels, the cellular PIC:POC ratio significantly decreased by more than 40% 

from 1.46 ± 0.02 pg cell-1 at 79 ppm to 0.86 ± 0.12 at 733 ppm and 0.82 ± 0.13 at 1080 

ppm (p<0.05), whereas there was no significant difference in PIC:POC ratio between 

other treatments (Fig. 3.3e).  
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Fig. 3.3. Changes in the ratio of Emiliania huxleyi cellular particulate inorganic carbon content to 
particulate organic carbon content (PIC:POC) in response to different environmental drivers: a) 
PIC:POC ratio vs. nitrate concentration; b) PIC:POC ratio vs. phosphate concentration; c) PIC:POC 
ratio vs. irradiance; d) PIC:POC ratio vs. temperature; and e) PIC:POC ratio vs. pCO2. Blue triangles 
+ blue dashed lines represent the fitted values for the current conditions of the Chatham Rise area, 
and red triangles + red dashed lines represent the fitted values for the predicted future conditions 
(2100) of the Chatham Rise. Error bars represent standard deviations (n=3). 
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3.3.4 Response of Emiliania huxleyi cellular PON content to different 

environmental drivers 

The cellular PON content of E. huxleyi decreased under low nitrate 

concentration (Fig. 3.4a). The cellular PON content decreased significantly at the two 

lowest nitrate concentrations of 3.7 and 6.0 µM to only 0.89 ± 0.22 pg cell-1, less than 

half of the average cellular PON content (2.06 ± 0.36 pg cell-1) of the other three 

treatments of 48, 96 and 200 µM nitrate. In contrast, in the phosphate manipulation 

experiment, the cellular PON content was only slightly higher at the two highest 

phosphate concentrations compared to the other phosphate treatments; however, the 

difference was not significant (Fig. 3.4b). Warming from 4°C to 25°C decreased the 

cellular PON content (p<0.05). The value of 4.07 ± 0.00 pg cell-1 observed at 4°C was 

double that at 15°C (1.93 ± 0.10 pg cell-1), and was three-fold greater than the PON 

content of 1.31 ± 0.24 pg cell-1 at 25°C (Fig. 3.4d). As with the various phosphate 

treatments, there was no significant effect detected on cellular PON content of changes 

in irradiance or pCO2 levels (Fig. 3.4b, 3.4c and 3.4e). 
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Fig. 3.4. Changes in Emiliania huxleyi cellular particulate organic nitrogen (PON) content in 
response to different environmental drivers: a) cellular PON vs. nitrate concentration; b) cellular 
PON vs. phosphate concentration; c) cellular PON vs. irradiance; d) cellular PON vs. temperature; 
and e) cellular PON vs. pCO2. Blue triangles + blue dashed lines represent the fitted values for the 
current conditions of the Chatham Rise area; red triangles + red dashed lines represent the fitted 
values for the predicted future conditions (2100) at the Chatham Rise; and gray triangles + gray 
dashed lines represent the fitted values for the stock culture growing conditions (the levels are 
overlapped with the Chatham Rise current conditions for temperature). Error bars represent standard 
deviations (n=3). 
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3.3.5 Response of Emiliania huxleyi cellular POP content to different 

environmental drivers 

The cellular POP content of E. huxleyi was significantly affected by phosphate, 

temperature, pCO2 and nitrate levels (p<0.05). The POP content was slightly lower at 

the three low nitrate concentrations (3.7, 6.0 and 12 µM), with an average value of 0.22 

± 0.02 pg cell-1, compared to those at 96 and 200 µM (p<0.05; Fig. 3.5a). Cellular POP 

content in general increased with rising phosphate concentration, especially at low 

phosphate concentrations (less than 10 µM; Fig. 3.5b). Significant differences in POP 

content were observed at 0.4 and 2 µM compared to all the other phosphate treatments. 

The cellular POP quota was also significantly lower at 6 µM than 20 µM (Fig. 3.5b). 

Similarly, as observed for cellular POC and cellular PON contents (see above), 

warming greatly decreased the cellular POP content, especially for treatments < 10°C 

(Fig. 3.5d). The POP content decreased by 65% from 1.08 ± 0.14 pg cell-1 at 4°C to 

0.38 ± 0.04 pg cell-1 at 11°C, and then only decreased slightly more from 0.30 ± 0.02 

pg cell-1 at 15°C to 0.21 ± 0.02 pg cell-1 at 25°C. Significant differences in POP content 

were detected between the two lowest temperature treatments compared with all other 

treatments. Conversely, there was a trend of increased cellular POP content with rising 

pCO2 level (Fig. 3.5e), which almost doubled from 0.20 ± 0.04 pg cell-1 at 79 ppm and 

to 0.38 ± 0.02 pg cell-1 at 1080 ppm (p<0.05). Changes in the irradiance level did not 

significantly affect the cellular POP content within the range tested. The average value 

across all the irradiance levels was 0.38 ± 0.10 pg cell-1 (Fig. 3.5c). 
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Fig. 3.5. Changes in Emiliania huxleyi cellular particulate organic phosphorus (POP) content in 
response to different environmental drivers: a) cellular POP vs. nitrate concentration; b) cellular 
POP vs. phosphate concentration; c) cellular POP vs. irradiance; d) cellular POP vs. temperature; 
and e) cellular POP vs. pCO2. Blue triangles + blue dashed lines represent the fitted values for the 
current conditions of the Chatham Rise area, red triangles + red dashed lines represent the fitted 
values for the predicted future conditions (2100) at the Chatham Rise; and gray triangles + gray 
dashed lines represent the fitted values for the stock culture growing conditions (the levels are 
overlapped with the Chatham Rise current conditions for temperature and pCO2). Error bars 
represent standard deviations (n=3). 
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3.3.6 Response of Emiliania huxleyi cellular POC to Chl-a ratio (C:Chl-a) to 

different environmental drivers 

The ratio of cellular particulate organic carbon content to Chl-a content 

(C:Chl-a, g:g) was significantly affected by each of the five environmental drivers 

(p<0.05), decreasing exponentially with increasing nitrate concentration and warming, 

and increasing linearly with increasing irradiance (Fig. 3.6). C:Chl-a decreased 

dramatically with increased nitrate concentration up to 50 µM, but became steady 

between 50 and 200 µM (Fig. 3.6a). The highest ratio of 422.36 ± 74.28 was observed 

at the lowest nitrate concentration of 3.7 µM, significantly higher than all other 

treatments (p<0.05). The ratio then decreased by 87% to 55.14 ± 4.16 at 200 µM. 

Increases in phosphate concentration, however, only slightly decreased the C:Chl-a 

ratio (Fig. 3.6b). Compared to the ratios at the two lowest concentrations, a significant 

decrease (p<0.05) at 6.0 µM and 20 µM was observed (by ~20% each). Increased 

irradiance greatly increased the C:Chl-a ratio, with the value more than doubling at 650 

µmol photons m-2 s-1 compared to the ratio of 47.45 ± 12.58 at the lowest irradiance of 

14 µmol photons m-2 s-1 (Fig. 3.6c). C:Chl-a at 650 µmol photons m-2 s-1 was 

significantly higher than all the other irradiance treatments (p<0.05). Similar to the 

trend observed for the elemental components, the C:Chl-a ratio significantly decreased 

with warming, by 64% from 4°C to 25°C (Fig. 3.6d). The ratio of 131.26 ± 42.96 at 

4°C was observed significantly higher than all the other temperature treatments 

(p<0.05). As for the pCO2 manipulation, significantly lower C:Chl-a ratios (average of 

51.97 ± 6.52) were observed at the two lowest pCO2 levels of 79 and 150 ppm than the 

other treatments (p<0.05). The ratio then increased by 42% from low to high pCO2.  
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Fig. 3.6. Changes in the ratio of Emiliania huxleyi cellular particulate organic carbon content to 
chlorophyll a content (C:Chl-a) in response to different environmental drivers: a) C:Chl-a ratio vs. 
nitrate concentration; b) C:Chl-a ratio vs. phosphate concentration; c) C:Chl-a ratio vs. irradiance; d) 
C:Chl-a ratio vs. temperature; and e) C:Chl-a ratio vs. pCO2. Error bars represent standard 
deviations (n=3). 
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3.3.7 Response of Emiliania huxleyi cellular elemental molar ratios to different 

environmental drivers 

The cellular PON to POP (N:P) ratio was significantly lower (p<0.05) at the two 

lowest nitrate treatments compared with the other treatments (Table 3.2). In contrast, 

the POC to PON (C:N) ratio was significantly higher at the two lowest nitrate 

concentrations. There was no significant difference in C:N ratios among the other four 

treatments (p>0.05). Changes in nitrate concentration change did not significantly 

affect the POC to POP (C:P) ratios. 

The N:P ratio of E. huxleyi was increased at low phosphate concentrations (< 

6.0 µM; Table 3.2). The N:P ratio (41.57 ± 4.41) in the 0.4 µM phosphate treatment 

was significantly higher than in all the other treatments (p<0.05), at least double that at 

phosphate concentrations higher than 6 µM. There was a significant increase in the C:P 

ratio (p<0.05) at the two lowest phosphate concentrations compared to the other 

treatments. The highest C:P ratio (261.67 ± 17.30), recorded for the lowest phosphate 

concentration of 0.4 µM, was almost double the value at 2 µM, and more than three 

times the average ratio of the other treatments (Table 3.2). In contrast, there were no 

significant differences in the calculated C:N ratio across the phosphate treatments 

(p>0.05). 

There was no significant difference in N:P ratios observed across the different 

irradiance treatments (Table 3.2). However, decreased C:N ratios were observed for 

low irradiance treatments; the value at 14 µmol photons m-2 s-1 was significantly lower 

than the three highest irradiance levels (p<0.05). Similarly, decreased C:P ratio was 

found at low irradiance, with a significantly lower value at 14 µmol photons m-2 s-1 

compared to the three highest irradiance (Table 3.2). Warming significantly increased 

the N:P ratio from 4°C to 20°C. The highest N:P ratio (15.53 ± 1.06) was observed at 

20°C, significantly higher than that of 8.29 ± 1.29 at 7°C and 10.46 ± 2.05 at 4°C 

(Table 3.2). There was no significant change in N:P, C:N, or C:P ratios with elevated 

pCO2 (p>0.05, Table 3.2).   



83!

Table 3.2. Elemental molar ratios of N:P, C:N and C:P of Emiliania huxleyi from the five 
single-factorial manipulation experiments. The errors are standard deviations around the mean 
(n=3). 

Environmental driver Treatment 
N:P 

(mol:mol) 
C:N 

(mol:mol) 
C:P 

(mol:mol) 

Nitrate (µM) 

3.7 9.09±2.48 15.90±4.09 137.69±8.27 

6 9.07±1.55 13.16±1.13 118.45±10.06 

12 15.90±1.38 9.00±0.07 143.08±11.28 
48 14.46±1.39 7.01±0.64 107.76±11.93 

96 16.16±3.45 6.56±1.07 103.56±6.54 

200 14.31±0.40 7.32±0.47 104.82±8.34 

Phosphate (µM) 

0.4 41.57±4.14 6.32±0.42 261.67±17.30 

2 21.47±0.28 9.27±5.08 137.57±11.31 

6 14.17±3.59 6.16±1.24 85.00±4.51 

10 17.06±2.06 5.24±0.06 89.28±9.80 
20 13.99±0.89 5.22±0.08 73.04±3.48 

Irradiance 
(�mol photons m-2 

s-1) 

14 22.03±7.27 4.26±0.29 73.82±6.48 

40 14.27** 4.38** 62.50** 

80 16.03±2.90 5.24±0.69 83.96±17.05 

190 18.71±1.74 5.99±0.23 112.39±14.60 

350 17.15±0.83 6.47±0.54 110.63±3.98 

650 16.11±1.77 5.70±0.31 91.49±6.66 

Temperature (°C) 

4 8.92±1.29 8.67±2.64 71.34±27.92 
7 10.46±2.05 7.60±1.32 78.70±14.78 

11 13.58±1.91 6.21±0.32 86.56±11.92 

15 14.12±0.66 6.70±0.31 94.47±3.84 

20 15.53±1.06 5.98±0.15 92.88±6.33 

25 13.67±2.99 7.08±1.39 93.96±4.87 

pCO2 (ppm) 

79 19.39±2.41 6.81±1.09 122.61±9.97 

150 24.01±6.80 5.80±0.71 137.50±33.51 
382 16.96±3.62 7.41±0.06 155.64±31.42 

568 17.89±0.80 6.55±1.16 116.67±16.15 

733 18.22±2.45 6.42±0.43 116.93±17.60 

1080 13.56±2.78 7.41±1.20 99.25±17.70 

** Sample loss during analysis resulted in only single values at this irradiance. 
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3.3.8 Ranking the importance of environmental drivers on Emiliania huxleyi 

elemental composition 

Ranking the future projected changes in environmental properties in the 

Chatham Rise area relative to the present day conditions revealed that warming resulted 

in the biggest change in cellular POC and PIC content, whereas the cellular PIC:POC 

ratio was mainly affected by pCO2. Decreases in nitrate and phosphate concentration, 

caused the largest changes in the cellular PON content and cellular POP content, 

respectively (Table 3.3). Warming from 4°C to 6°C resulted in a 10% decrease in 

cellular POC and 14% decrease in cellular PIC content. Raising pCO2 from 380 to 750 

ppm increased the cellular POC content by 5.5%. A 25% increase in irradiance from 

140 to 175 µmol photons m-2 s-1 only slightly decreased the cellular POC content by 

1%. The cellular PIC:POC ratio decreased by 5.4% with increasing pCO2 (statistically 

non-significant difference between the treatments of 382 and 733 ppm), while 

irradiance and temperature changes both slightly increased the ratio, by 2.6% and 2.4% 

(statistically non-significant difference between irradiance of 80 and 190 µmol photons 

m-2 s-1, and among temperatures of 11°C, 15°C and 20°C), respectively. A 33% 

decrease in nitrate concentration from 10 to 6.7 µM led to a 16% reduction in cellular 

PON content, and 2°C warming from 14°C to 16°C resulted in a 9.6% decrease in the 

PON cellular quota. In addition, four out of the five environmental drivers had 

significant effects on the cellular POP content. A 33% decrease in phosphate 

concentration from 1 to 0.67 µM resulted in an up to 26% decrease in cellular POP 

content and ranked the most important of all the environmental drivers in controlling 

the POP quota. Warming from 14°C to 16°C decreased the cellular POP content by 

12%, whereas rising pCO2 from 380 to 750 ppm increased the cellular POP quota by 

9.6% and a 33% decrease in nitrate concentration decreased the POP cell quota by 8.9% 

(non-significant). As discussed in Chapter 2, the rankings associated with statistically 

non-significant difference among the treatment intervals, as marked in Table 3.3, need 

to be considered with caution.  
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Table 3.3. Comparison of cellular particulate organic carbon (POC) contents, particulate inorganic 
carbon (PIC) contents, PIC:POC ratios, particulate organic nitrogen (PON) contents and particulate 
organic phosphorus (POP) contents of Emiliania huxleyi between projected (year 2100) and present 
day Chatham Rise conditions, with rankings of the importance of the environmental drivers which 
caused significant effects on each physiological parameter. The numbers of the ranking scheme 
represent the gradient of the most (1) to least (4) important effects. Effect of “+” represents an 
increase and “-“ represents a decrease in the elemental composition/ratio in the future, respectively. 

Physiological 
parameter 

Environmental 
driver 

Fitted values at different conditions of 
environmental drivers* 

Future vs. current 
comparisons 

Control Current Future 
Change 
(%)** 

Effects 
(+/-) 

Ranking 

Cellular POC 
content 

(pg cell-1) 

Temperature 10.798 10.798 9.713 10.0 - 1� 

Irradiance 14.775 14.774 14.827 0.3 + 3 
Nitrate      n.s. 

Phosphate      n.s. 
CO2 14.632 14.632 15.436 5.5 + 2 

Cellular PIC 
content 

(pg cell-1) 

Temperature 10.206 10.206 8.753 14.2 - 1 

Nitrate      n.s. 
Phosphate      n.s. 
Irradiance      n.s. 

CO2      n.s. 

PIC:POC 

CO2 0.868 0.868 0.821 5.4 - 1 
Temperature 1.017 1.017 1.042 2.4 + 2 

Irradiance 0.777 0.777 0.780 0.3 + 3 
Nitrate      n.s. 

Phosphate      n.s. 

Cellular PON 
content 

(pg cell-1) 

Nitrate 2.092 1.380 1.162 15.8 - 1  
Temperature 2.013 2.013 1.819 9.6 - 2 

Phosphate      n.s. 
Irradiance      n.s. 

CO2      n.s. 

Cellular POP 
content 

(pg cell-1) 

Phosphate 0.259 0.106 0.078 25.9 - 1 
Temperature 0.304 0.304 0.269 11.6 - 2 

CO2 0.312 0.312 0.342 9.6 + 3 
Nitrate 0.302 0.249 0.227 8.9 - 4 

Irradiance      n.s. 
*The fitted values for “control”, “present day” and “future” were extracted from the fitted dose-response 
curves (Fig.3.1 - 3.5) at the stock culture growing conditions, average present day conditions in the 
Chatham Rise area, and the predicted future conditions (2100) of Chatham Rise (Table 2.1), respectively.  

** The percentage changes were calculated as the changes caused by each environmental driver under 
the future predicted condition relative to that under the present day condition. 
�Numbers in bold indicate statistically significant difference between the range of present day and 

future conditions (nitrate treatments: 6.0 and 12.0 µM; phosphate treatments: 0.4 and 2 µM; 
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irradiance treatments: 80 and 190 µmol photons m-2 s-1; temperature treatments: 11°C, 15°C and 
20°C) based on the one-way ANOVA. “n.s.” indicates non-significant difference (one-way ANOVA) 
among all the treatments used for the fitting.  
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3.4 Discussion 

3.4.1 Effects of CO2 on the elemental stoichiometry of Emiliania huxleyi 

CO2 plays the most important role in regulating the cellular PIC:POC ratio and 

the cellular POP content of E. huxleyi in the present study. The PIC:POC ratio was 

significantly higher at the lowest pCO2 level, mainly due to the lower cellular POC and 

higher cellular PIC at 79 ppm. Previous studies suggested that cell division of E. 

huxleyi is in general not limited by low CO2 concentrations (Paasche et al., 1996; Clark 

& Flynn, 2000; Riebesell et al., 2000a), whereas the photosynthesis of E. huxleyi may 

be dependent on seawater CO2 availability (Sikes & Wheeler, 1982; Nielsen, 1995). 

Therefore this discrepancy between cell division and organic carbon fixation into the 

cells might lead to a decrease in cellular POC at low pCO2 (Rost & Riebesell, 2004). 

Similarly, in the present study, the photosynthetic rate was ~30% lower at the lowest 

pCO2 treatment compared to Pmax while the growth rate was only ~20% lower than �

max in E. huxleyi (Chapter 2). This difference in CO2 requirements between 

photosynthesis and growth (cell division) may also be the cause for the lower cellular 

POP and PON contents at 79 ppm compared to other pCO2 treatments. 

However, the trend observed for cellular POP and PON was not apparent for 

cellular PIC quota, as calcification rates significantly decreased with increasing pCO2 

level >400 ppm (Chapter 2). Hence the cellular PIC:POC ratio was significantly higher 

at the two lowest pCO2 levels, consistent with some of the previous findings for CO2 

manipulations at saturating irradiances on E. huxleyi strain PML B92/11A isolated from 

the North Sea (Zondervan et al., 2001; Zondervan et al., 2002). No further significant 

change in cellular carbon content or PIC:POC ratio occurred at higher pCO2, in contrast 

to the linearly decreasing calcification:photosynthesis ratio with rising pCO2 (see 

Chapter 2). This difference is noteworthy for both cellular PIC:POC and 

calcification:photosynthesis ratios are commonly used proxies for examining the 

relative change of PIC and POC production (see Table 1.1), and has implications for 

the marine rain ratio in the marine carbon cycle (Klaas & Archer, 2002; Rost & 
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Riebesell, 2004). The elemental contents presented in this chapter were directly 

measured using a CHN analyser, while the calcification and photosynthetic rates 

(Chapter 2) were determined using the 14C incubation approach. The latter technique 

has a higher sensitivity than the elemental analysis especially when biomass is low 

(Engel et al., 2010), however the accuracy of this 14C method might be lower especially 

when calculating the difference between acidified and non-acidified samples (Fabry & 

Balch., 2010). Moreover, in the present research the 14C incubations were short term (4 

h) and measured during the light period, so only the gross POC production was 

measured without considering respiration. All of these factors might cause the 

mismatch between the direct measurements of cellular POC/PIC content and the 

POC/PIC productivity and thus the ratios of cellular PIC:POC and calcification: 

photosynthesis. Therefore, we should be cautious when comparing between studies on 

E. huxleyi calcification using different analytical approaches. 

The C:Chl-a ratio was lower at a pCO2 of 79 and 180 ppm compared to the 

other treatments in the present study, mainly due to the decreased cellular POC at low 

pCO2, rather than changing the cellular Chl-a content. However, rising pCO2 did not 

have significant effects on the C:N or C:P ratios. Here, increasing pCO2 affected the 

cellular POC, PON and POP quotas to a similar magnitude; therefore there were no 

significant variations in E. huxleyi stoichiometric ratios. This is in accordance with a 

recent study on E. huxleyi strain PML B92/11A, which also reported similar results of 

unchanged C:N:P ratios across a pCO2 range of 180 to 750 ppm for cultures at steady 

growth phase under phosphate-limited continuous incubation (Engel et al., 2014). 

3.4.2 Effects of nutrient concentration on the elemental stoichiometry of 

Emiliania huxleyi 

The PON and POP cell quotas of E. huxleyi in the present study were mainly 

controlled by nitrate and phosphate concentrations, respectively, as phytoplankton rely 

on seawater nutrient availability as the external elemental source (Sakshaug & 

Holmhansen, 1977; Hecky et al., 1993; Price, 2005). Here the three lowest nitrate 
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concentrations also resulted in a slightly decreased the POP quota, but had no 

significant effect on cellular POC or PIC content in the present study, although nitrate 

concentration plays an important role in regulating the growth and photosynthesis of E. 

huxleyi (see Chapter 2). This finding is in contrast to some previous studies which 

observed higher E. huxleyi cellular PIC:POC ratios under nitrate limitation from either 

decreased cellular POC and increased coccolith abundance per cell of E. huxleyi strain 

BOF 92 (Paasche, 1998), or increased calcite mass per lith of E. huxleyi strain CCMP 

378 (Fritz, 1999). In addition, phosphate concentration did not significantly affect E. 

huxleyi cellular carbon content or the PIC:POC ratio in the present study. However, 

Paasche (1998) observed greatly increased PIC content of E. huxleyi strain BOF 92 

under phosphate limiting conditions, and Riegman et al. (2000) observed that the trend 

of increase in E. huxleyi (strain L) PIC quotas was more severe under phosphate 

limitation than nitrate limitation.  

These discrepancies in the nitrate or phosphate effects on the cellular PIC:POC 

ratio could be caused by the different culturing techniques, and the different nutrient 

concentrations in the culturing media, between the present study and the previous 

studies described above. There are three main phytoplankton incubation techniques: 

batch, semi-continuous and continuous incubation. The typical changes in biomass and 

nutrient concentration during these incubations are presented in Fig. 3.7. Paasche (1998) 

observed an increase in E. huxleyi PIC cell quota under the stationary phase of batch 

incubation (Fig. 3.7b), i.e. when cell division ceased as nitrate dropped to �0.2 �M 

and phosphate dropped to �0.03 �M. This contrasts with the findings of both 

Riegman et al. (2000) and Fritz (1999) who conducted continuous incubations (Fig. 

3.7c) with high cell densities of E. huxleyi: they observed an increased cellular PIC 

content when phosphate concentration fell below 0.4 nM (Riegman et al., 2000) or 

nitrate concentration at the end of the incubation experiment was below the detection 

limit (Fritz, 1999). However, the present study used a semi-continuous incubation (Fig. 

3.7a) with higher and relatively steady nutrient concentrations (with lowest nitrate and 

phosphate concentrations of 3.6 and 0.4 �M, respectively) and the cells were grown 
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and sampled at a healthy exponential growth phase. Similarly, Müller et al. (2008) only 

found higher E. huxleyi cellular calcite content during the stationary but not the 

exponential growth phase under both nitrate and phosphate limitation, due to the 

different cell cycle phases at which the calcification and cell division occurred. The 

authors explained that calcification continued at G1 phase of cell assimilation (see Fig. 

3.8 for the explanation of a cell cycle) when cell division was restricted under nutrient 

limitation and thus the cellular PIC content was increased (Müller et al., 2008). Further 

studies at extremely low nutrient concentrations in a steady growth phase are still 

needed to understand the potential connection between carbon production and extreme 

nutrient limitations. 
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Fig. 3.7. Typical biomass (in circles) and nutrient concentration (in squares) changes during the 
course of experiments using three common laboratory incubation techniques: a) semi-continuous, b) 
batch (a and b redrawn from Hutchins et al. (2003), and c) chemostat continuous cultures (drawn 
from the experimental designs and results for their treatments with low dilution rates in Riegman et 
al. (2000) and Fritz (1999)). 
*Fig. a illustrates the steady growth phase of a semi-continuous incubation: the culture is diluted daily to 
replenish the nutrient concentration and reduce the biomass to the previous-day level. Fig. b illustrates 
the three growth phases in a batch culture – lag, exponential growth (rapid increase in biomass and 
decrease in nutrient concentration at nutrient-replete conditions) and stationary (slow growth before 
dying out at nutrient limitation) phases. Fig. c illustrates the trasitional and steady growth phases in a 
chemostat-continuous incubation. In the transitional phase, the initial limiting nutrient (nitrate or 
phosphate) concentration is high (determined by the nutrient concentration in the diluting medium), with 
cells growing faster than the dilution rate and nutrient concentration declining until the steady growth 
phase is reached. At the steady phase, the cell specific growth rate equals to the dilution rate; and the 
limiting nutrient concentration is low, as the nutrient is taken up by the cells at the rate of being added. 
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Fig. 3.8. Model of a cell cycle (including DNA replication and cell division of a diploid cell in 4 
phases: G1 – assimilation, cell not in division; S – cell in DNA replication; G2+M – Cell with 
double DNA amount in mitosis, cell division; redrawn based on the concept in Jochem & 
Meyerdierks (1999)). 

  

3.4.3 Irradiance effects on the elemental stoichiometry of Emiliania huxleyi 

In the present study, irradiance mainly had significant effects on the cellular 

POC content and the PIC:POC ratio. The increase in PIC:POC ratio of E. huxleyi at the 

two lowest irradiances was mainly due to the decreased cellular POC content while the 

PIC quota was less reduced. The increasing PIC:POC ratio at low irradiance again 

indicates that calcification is less dependent on irradiance than organic carbon fixation 

as discussed in Chapter 2. Although both processes require light as an energy source, 

calcification requires less energy (Anning et al., 1996), relies much less on the light 

reaction of photosystem II (PSII) than photosynthesis (Paasche, 1965) and thus 

calcification can continue in darkness, supported by the respiratory metabolism while 

photosynthesis ceases (Balch et al., 1992). Therefore calcification rate is generally 

saturated at lower irradiance levels than photosynthesis (Paasche, 1964; Zondervan, 

2007); hence higher cellular PIC:POC ratio would be expected at low irradiance when 

growth and photosynthesis are light-limited (Raven & Crawfurd, 2012), as observed in 

the present study.  

Increasing irradiance also increased the C:Chl-a ratio linearly in the present 

G1 S G2 M
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study, due to the increase in POC quota and decrease in Chl-a quota, as recorded for 

other phytoplankton groups in literature (Geider, 1987). In addition, the present study 

also observed C:N and C:P of E. huxleyi both increased at high light levels, further 

suggesting the organic carbon is more light dependent than the accumulation of N or P 

(Geider et al., 1998). 

3.4.4 Temperature effects on the elemental stoichiometry of Emiliania huxleyi 

Temperature is important in regulating the enzymatic reaction rates (Raven & 

Geider, 1988) and the metabolic rates of phytoplankton cells, and an increase from 

14°C to 16°C caused a ~15% increase in E. huxleyi growth rate (Chapter 2). The 

present study examined the response of E. huxleyi cellular elemental composition 

across a wider range of temperatures than the above previous studies. The cellular PIC 

content of E. huxleyi only decreased with elevated temperature when temperature was 

higher than 10°C in the present study, due to the strongly reduced calcification and 

malformation at low temperatures of 4°C and 7°C (see Chapter 2). The decreased 

calcification offset the reduced cell volume; therefore there was no significant 

difference of the PIC cell quota at temperatures below 10°C in the present study. 

Consequently, the cellular PIC:POC ratio was lower at 4°C and 7°C, consistent with the 

trend observed for the calcification: photosynthesis ratio in Chapter 2, indicating more 

suppressed PIC formation than POC production at extreme low temperature (Watabe & 

Wilbur, 1966; and low calcification: photosynthesis ratio at low temperatures in 

Chapter 2). The PIC:POC ratio then decreased with warming from 11°C to 15°C and 

reached relatively steady afterwards, mainly due to the lower optimal temperature for 

calcification compared to photosynthesis observed in Chapter 2. 

It has been proposed that reduced body size is a universal strategy in response to 

global warming for both terrestrial and aquatic species (Gardner et al., 2011), following 

a rule suggested by Atkinson et al. (2003). A study on the coccolithophores E. huxleyi 

and Gephyrocapsa oceanic observed both decreased cell size and thinner coccosphere 

by raising temperature within the range of 10°C to 25°C due to the relatively 
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suppressed cell division at low temperature (Sorrosa et al., 2005). This response in the 

cell volume could be the main cause of reduced cellular elemental components, 

especially for the POC, PON and POP cell quotas in the present study. Previous studies 

also reported that increase in temperature resulted in reduced cell volume of E. huxleyi 

(van Rijssel & Gieskes, 2002; De Bodt et al., 2010), and decreased cellular POC and 

PIC quotas of coccolithophore Coccoliths pelagicus when the temperature was raised 

from 10°C to 15°C (Gerecht et al., 2014). Although the changes in E. huxleyi cell size 

were not examined in the present study, warming significantly decreased all the cellular 

elemental contents within the examined range from 4°C to 25°C and it can be 

speculated that the cell size might be decreased with warming based on the observed 

trend of decrease in cellular elemental composition at higher temperatures. 

Furthermore, warming from 4°C to 20°C significantly increased the E. huxleyi 

cellular N:P ratio in the present study, in agreement with the recent model study on 

natural phytoplankton community (Toseland et al., 2013). Toseland et al. (2013) found 

that the rate of phytoplankton cellular protein synthesis is increased but with decreasing 

the numbers of phosphorus-rich ribosome with increasing temperature, and in turn 

warming increases the cellular N:P ratio. In the present study, the cellular N:P ratio of E. 

huxleyi at 20°C almost doubled that of 4°C, in spite of both cellular PON and cellular 

POP decreasing with warming. Although the present study was only on a single strain 

of E. huxleyi, if the temperature dependency of cellular resource allocation is a 

universal trend for all the E. huxleyi genotypes, we can speculate that the diverse E. 

huxleyi strains growing in different temperature regions might have different 

requirements for nitrogen vs. phosphorus, and that the growth of E. huxleyi strains in 

the temperate to tropical regions might be more easily limited by nitrate than the 

sub-polar ones. Moreover, this trend of temperature-dependent N:P ratio also indicates 

that the global warming might aggravate the nitrate limitation in the oceans (Toseland 

et al., 2013). 
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3.4.5 Future predictions and implications for marine biogeochemistry 

The environmentally-relevant comparisons between present day environmental 

conditions and those projected for 2100 for the Chatham Rise area indicate that for the 

projected changes in the end of this century, the 2°C warming plays the most important 

role in regulating both the POC and PIC cellular quotas of E. huxleyi. In addition, rising 

pCO2 is the most important factor controlling E. huxleyi cellular PIC:POC ratio; and the 

33% decrease in nutrient availability is the major factor controlling the cellular PON 

and POP contents of E. huxleyi. These results provide a more detailed perspective that 

can improve our knowledge on how the coccolithophore model species E. huxleyi may 

respond to the future environmental changes. These changes in the elemental 

composition and stoichiometric ratios will in turn affect the nutrient cycle at higher 

trophic levels (Jones & Flynn, 2005) and in marine biogeochemical cycles (Beardall & 

Raven, 2004). Thus the predictions presented will provide useful information for 

biogeochemical models (such as Bopp et al., 2001) to predict the future changes in the 

marine environment. 

In summary, this is the first detailed study on the effects of five important 

environmental drivers (including nitrate concentration, phosphate concentration, 

irradiance, temperature and pCO2) individually on the cellular elemental composition of 

the coccolithophore E. huxleyi, across a wide range of each of these environmental 

drivers. Moreover, it was the first to rank the importance of the predicted changes of 

these environmental drivers on E. huxleyi elemental stoichiometry for the year 2100. 

This is an important addition to the findings on the growth, photosynthesis and 

calcification rates in Chapter 2 to provide a more comprehensive understanding of each 

driver on E. huxleyi physiology. Nevertheless, these environmental drivers tend to 

change simultaneously and have interactive effects with OA on phytoplankton 

physiology (as discussed in Chapter 1), thus further studies on the interactive effects of 

multiple environmental drivers are needed: the two-way factorial effects of OA and 

other drivers and the multi-factorial effects of all the five drivers on the physiology of E. 



96!

huxleyi are addressed in Chapter 4. The diagnostic information provided by the single 

factorial experiments in Chapter 2 and this chapter will be used to explain the combined 

effects of multiple environmental drivers on E. huxleyi physiology in Chapter 4. 
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Chapter 4.  Interactive effects of ocean acidification and multiple 

environmental drivers on Emiliania huxleyi physiology: study of 

two-way factorial and multi-factorial interactions 

4.1 Introduction 

Anthropogenic activities have influenced global climate rapidly since the 

Industrial Revolution. As described in Chapter 1, in the marine environment, these 

changes mainly include ocean acidification (OA) caused by rising oceanic CO2 

concentrations resulting from fossil fuel combustion and deforestation (IPCC, 2013), 

elevated sea surface temperature (SST), intensified oceanic density stratification, and 

changes in nutrient supply to the upper seawater layer (Boyd & Doney, 2002; 

Sarmiento et al., 2004). On-going global climate change will in turn affect marine 

organisms and the consequent biogeochemical cycles (Brierley & Kingsford, 2009; 

Doney et al., 2014); moreover, these changes in marine ecosystems will have feedback 

to the global climate and further modulate the global change (Reid et al., 2009). In 

addition, changes in conditions of different environmental drivers tend to happen 

simultaneously (Bopp et al., 2013) and may have complex accumulative effects on 

marine biota. Thus it is important to improve our understanding of how marine 

organisms respond to the interplay of multiple environmental drivers for a more 

realistic prediction of the ecological consequence of global climate change in the 

marine environment (Boyd, 2011; Boyd & Hutchins, 2012). 

It has been reported that ocean acidification and other environmental drivers, 

such as nutrient availability, irradiance and temperature may each play important roles 

in regulating the physiology of marine coccolithophore Emiliania huxleyi (Chapters 1 & 

2; and reviewed by Nimer & Merrett, 1993; Paasche, 2002; Zondervan, 2007; Raven & 

Crawfurd, 2012). Furthermore, these environmental drivers often have interactive 
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effects with OA and may regulate the OA effects on E. huxleyi as described in Chapter 

1. For example, light affected the calcification response of E. huxleyi strain CCMP371 

to rising pCO2 (Feng et al., 2008); temperature also affected the optimal CO2 

concentrations for growth, photosynthesis and calcification (Sett et al., 2014). In 

addition to the interactive effects of OA with these environmental drivers on 

phytoplankton physiology, OA may also have direct effects on some of the 

environmental drivers, such as affecting the nutrient and trace metal availability and 

speciation, thus leading to an even more complex interplay of OA with other drivers on 

phytoplankton physiology (see their Fig. 4 in Boyd & Hutchins, 2012). 

In spite of the existing intensive studies on E. huxleyi physiology, manipulation 

studies investigating the effects of complex matrices of change in multiple 

environmental drivers on the physiology of E. huxleyi are not common; the response of 

E. huxleyi physiology to interactive effects of at most three drivers have been examined 

(e.g. Feng et al., 2008; Feng et al., 2010). Conventional studies on the interplay of 

multiple environmental drivers often require an experimental design containing a 

complex matrix of combinations of drivers, resulting in many experimental treatments. 

For example, it requires 25 = 32 treatments in triplicate; that is 32 × 3 = 96 incubation 

bottles to examine the interactive effects of five environmental drivers with an 

experimental design of two levels of each driver’s condition. Thus, such a complex 

experimental setup makes it unmanageable to test the interactive effects of multiple 

drivers using conventional methods. Therefore, better experimental approaches and 

diagnostic skills are needed in order to fill gaps in our knowledge (Boyd, 2011). 

In the present study, a novel approach of two-way factorial manipulations of 

pCO2 and another environmental driver (including nitrate, phosphate, irradiance and 

temperature), and the multi-factorial manipulation of five major environmental drivers 

was deployed to examine the integrated effects of multiple environmental drivers on the 

physiology of E. huxleyi. The combinations of present day and projected environmental 

conditions for the year 2100 in the Chatham Rise area (as shown in Table 2.1) were 
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used to provide an environmentally relevant experimental design. The observed 

two-way factorial and multiple driver effects of OA and other environmental drivers on 

E. huxleyi physiological metrics were compared qualitatively to the calculated 

multiplicative effects of multiple environmental drivers according to Folt et al. (1999). 

Folt et al. (1999) proposed simple models to describe additive and multiplicative effects 

of multiple environmental drivers on zooplankton reproduction. The ultimate objective 

of the present study is to predict the effects of future global climate change on the 

physiology of a southern hemisphere E. huxleyi strain NIWA1108 by considering more 

realistic future environmental conditions and the interplay of environmental drivers. 

Thus the mechanisms behind the interactions between OA and these environmental 

drivers may be disentangled by comparing the effects between multi-factorial and the 

single driver manipulations. 
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4.2 Materials and methods 

4.2.1 Experimental setup 

As described in Chapters 2 and 3, the marine coccolithophore Emiliania huxleyi 

(strain NIWA1108) was isolated from Chatham Rise, east of New Zealand by Dr. H. 

Chang in November 2008, which has been maintained in the laboratory as a stock 

culture at 14°C, irradiance of 100~140 µmol photons m-2 s-1, and under a light/dark 

cycle of 12 h/12 h. The media used for maintaining stock culture were made of coastal 

seawater from Otago harbour (salinity: 34.5; background nutrient concentrations: 

0.3-0.6 µM phosphate, 3-6 µM nitrate). The seawater was filtered using 0.2 µm pore 

size filtration cartridge (WhatmanTM) and supplied with nutrient stock solutions to final 

concentrations of nitrate 96 µM and phosphate 6 µM, without silicate addition. Trace 

metal and vitamin stock solutions were added to reach f/20 level [10 times dilution of 

the f/2 medium (Guillard & Ryther, 1962)].  

To begin the manipulation experiments, E. huxleyi cells under exponential 

growth phase were transferred into 500-mL polycarbonate bottles with screw caps and 

incubated under a matrix of different nutrient, irradiance, temperature and pCO2 

conditions for semi-continuous incubation. The initial cell abundances were diluted to 

~104 cell mL-1 and chlorophyll a (Chl-a) in vivo fluorescence readings were monitored 

daily as indicators of Chl-a biomass and cell growth. After three days of incubation 

under the experimental conditions, daily dilution of E. huxleyi cultures was performed 

using freshly-made seawater medium with the corresponding nutrient and CO2 

concentrations to dilute the biomass to the abundance of the previous day. Cell 

abundance during the course of the incubation was maintained at less than 105 cell mL-1 

in order to minimise the influence of biological activity on the seawater carbonate 

chemistry. For all the experiments, trace metal and vitamin stock solutions were added 

to the seawater media to final concentrations of f/20 levels. All the incubation 

experiments were carried out in a walk-in growth chamber (Model 650, Contherm, 

New Zealand), with metal halide lamps (full spectrum) as light source from above, 
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under light/dark cycle of 12 h/12 h. Different irradiance levels were obtained by 

covering the incubation bottles with different layers of neutral density screen, and were 

measured using a quantum PAR sensor (2100 series, Biospherical Instruments Inc., CA, 

USA). The temperature of the growth chamber was set at 16°C, and the E. huxleyi 

cultures were incubated in two water tanks, each connected to a chiller (HC150A, 

Hailea, China) for constant temperature control. The temperature in each water tank 

was monitored continuously with a Hobo pendant TM temperature/light logger (Hobo, 

MA, US), and the temperature fluctuating range was ± 0.5°C. 

Six experimental treatments were examined to test the interactive effects of OA 

and multiple environmental drivers at the levels predicted for the end of this century in 

the Chatham Rise, predicted using Coupled Model Intercomparison Project phase 5 

(CMIP5) models (G. Rickard (NIWA) personal communication, and Boyd & Law, 

2011) as listed in Table 4.1.  
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Table 4.1. Environmental conditions in the six experimental treatments of two-way factorial manipulations and multiple factorial manipulations of ocean acification 
and other environmental drivers on Emiliania huxleyi. 

 
Present day 
conditions 

Two-way factorial manipulations Multi-factorial manipulation 

Treatment Control CO2-N CO2-P CO2+T CO2+I Multiple 

Nitrate 
(µM) 

10 6.7 10 10 10 6.7 (33% lower than control) 

Phosphate 
(µM) 

1 1 0.67 1 1 0.67 (33% lower than control) 

Irradiance 
(µmol photons m-2 s-1) 

140 140 140 140 175 175 (25% higher than control) 

pCO2 
(ppm) 

380 750 750 750 750 750 

Temperature 
(°C) 

14 14 14 16 14 16 (2 degrees warmer than control) 
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The seawater carbonate system manipulation procedures strictly followed the 

suggestions by Gattuso et al.(2010) in “Best practice for ocean acidification research 

and data reporting”. The seawater media for treatments with pCO2 of 750 ppm were 

obtained by pre-bubbling the seawater medium using 10% CO2 in air (BOC gas, New 

Zealand) until the desired pH was reached and then switching to constant bubbling of 

certified commercial CO2 and air gas mixtures (750 ppm, BOC gas, New Zealand). 

CO2 concentrations (380 and 750 ppm) in all the incubation bottles were also 

maintained by constant bubbling of the corresponding CO2 and air gas mixtures 

through TygonTM tubing connected to the gas in-flow ports of the polycarbonate bottles. 

The specially made pH sampling ports were connected to an automated 

spectrophotometric pH measurement system (McGraw et al., 2010; Hoffmann et al., 

2013) to monitor the pH values of all the experimental treatments twice daily, before 

and after the daily dilution. Dissolved inorganic carbon (DIC) samples were also taken 

from the media used for culture dilution in the beginning of the experiment and all the 

incubation bottles on the final sampling day. The carbonate chemistry mimicked the 

future ocean acidification scenario with TA remaining relatively constant (Table 4.2). 
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Table 4.2. Carbonate chemistry parameters (including pH, dissolved inorganic carbon (DIC) 
concentration, total alkalinity (TA), CO2 partial pressure (pCO2), HCO3

- concentration, CO3
2- 

concentration, CO2 concentration, and calcite saturation state (ΩCa)) from the six experimental 
treatments in the media used for E. huxleyi culture dilution and within the culture bottles on the final 
sampling day. The values marked by asterisks (*) were directly measured. The values without an 
asterisk were calculated using the program CO2sys. Errors are standard deviations around the mean 
of the triplicate values in each treatment. 

Treatment pHtotal 
DIC 

µmol kg-1 

TA 

µmol kg-1 

pCO2 

ppm 

[HCO3
-] 

µmol kg-1 

[CO3
-] 

µmol kg-1 

CO2 

µmol kg-1 
�Ca 

Control 
Medium 8.040* 1996 2197* 388 1838 143 15 3.4 

Bottle 8.057±0.008* 1935±14* 2138±18 361±5 1778±12 143±3 14±0 3.4±0.1 

CO2-N 
Medium 7.790* 2119 2223* 752 2003 88 29 2.1 

Bottle 7.787±0.003* 2010±3* 2108±3 720±4 1901±2 82±0 28±0 2.0±0.0 

CO2-P 
Medium 7.805* 2143 2253* 734 2024 92 28 2.2 

Bottle 7.793 ±0.031* 2020±7* 2119±8 715±48 1909±9 83±6 28±2 2.0±0.1 

CO2+I 
Medium 7.781* 2092 2191* 758 1978 85 29 2.0 

Bottle 7.789±0.014* 2012±12* 2111±17 717±20 1903±10 82±3 28±1 2.0±0.1 

CO2+T 
Medium 7.793* 2103 2217* 749 1981 94 27 2.3 

Bottle 7.804±0.030* 2009±6* 2122±14 699±45 1892±6 92±6 25±2 2.2±0.1 

Multiple 
Medium 7.798* 2099 2215* 739 1977 95 27 2.3 

Bottle 7.771 ±0.022* 1990±10* 2091±18 749±36 1879±8 84±5 27±1 2.0±0.1 

 

The final sampling was performed after the daily monitored specific growth rate 

of E. huxleyi in all the incubation bottles was steady for more than five days (daily 

variations < 10%) for all the experimental treatments. This yielded a total acclimation 

time of 18 days. Samples were collected for cell counts, Chl-a biomass, elemental 

composition [particulate organic carbon (POC), particulate inorganic carbon (PIC), 

particulate organic nitrogen (PON) and particulate organic phosphorus (POP)], 

photosynthetic rate and calcification rate, and seawater carbonate chemistry analyses, 

and ribonucleic acid (RNA) extraction. 

4.2.2 Sample analyses 

Cell counts and Chl-a biomass 

Samples for cell counts were preserved by adding 6 µL modified Lugol’s 
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solution (as described in Chapters 2 and 3) to each 1 mL subsample, and then kept at 

4°C in dark until the cells were counted in a nanoplankton chamber (P0015, PhycoTech, 

USA) under a Zeiss microscope (Axiostar plus, Germany) at a magnification of ×200. 

The in vivo Chl-a fluorescence was measured using a Turner 10-AU fluorometer 

(Tuner Designs, USA) daily within the first two hours of the light phase for consistency. 

For Chl-a concentration analysis, 10 mL of samples were filtered under vacuum lower 

than 40 mmHg onto GF/F glass fiber filters (Whatman, USA). Chl-a pigment was then 

extracted in 90% acetone at 4°C in dark for 18 hours, and the fluorescence readings 

were measured using a Turner 10-AU fluorometer before and after acidification with 10% 

HCl for the calculation of Chl-a concentration (Welschmeyer, 1994). 

Specific growth rate (µ) was calculated using in vivo Chl-a fluorescence daily 

according to the following equation: 

� = !"!! !"
! !"

!"!!"                       (Eq. 4.1), 

where T1 and T2 are the two time points, and N(T1) and N(T2) represent the in vivo 

Chl-a biomass at T1 and T2 (T2 after T1 timewise). 

Elemental composition 

Two sets of 30 mL subsamples from each incubation bottle were filtered onto 

pre-combusted (2 hours at 450°C) GF/F glass fiber filters (WhatmanTM) for PON, 

particulate total carbon (PTC) and POC measurements. The filters were then dried at 

55°C and stored in a desiccator. One set of the filters were fumed with saturated HCl 

for 3 hours in order to remove all the inorganic carbon for the POC measurements 

(Zondervan et al., 2002) and then dried before analysis. PON, PTC and POC were 

measured using an elemental combustion system (Elementar vario EL III, Germany). 

The PIC content was calculated as the difference between PTC and PIC values. 

For POP measurements, 20 mL samples were filtered onto pre-combusted (2 



106!

hours at 450°C) GF/F filters (WhatmanTM), rinsed with 2 mL of 0.17 M Na2SO4, and 

transferred into pre-combusted borosilicate scintillation vials (8 hours at 450°C). Each 

vial was then added 2 mL 0.017 M MgSO4, covered with aluminum foil, and dried at 

55°C. For analysis, the vials containing the filters were first combusted for 2 hours at 

450°C. After cooling, 5 mL of 0.2 M HCl was added into each vial. The capped vials 

were heated at 80°C -90°C for 30 minutes for the digestion of organic phosphorus. The 

phosphate concentrations in the digested samples were then analysed with the 

molybdate colorimetric method as described in Chapters 2 and 3 (Solozano & Sharp, 

1980). 

Photosynthetic and calcification rates 

14C technique was performed to determine the photosynthetic and calcification 

rates (Paasche, 1964; Paasche et al., 1996). Within the first three hours of the light 

incubation phase, a 50 mL sample from each incubation bottle was transferred into a 50 

mL NuncTM incubation flask and spiked with 2 µCi NaH14CO3. Total 14C activity was 

measured by taking triplicate 200 µL samples into 7-mL scintillation vials with 200 uL 

ethanolamine added. After the flasks were incubated under the corresponding light and 

temperature conditions for 4 hours, two sets of 25 mL samples from each flask were 

filtered onto GF/F filters (WhatmanTM) under low vacuum pressure (30-40 mm Hg) for 

total carbon and organic carbon productivity determination, respectively. The filters 

were rinsed carefully with 0.2 µm filtered seawater and transferred into scintillation 

vials. The filters for photosynthetic rate determination were fumed using saturated HCl 

for 2 hours to remove all the inorganic carbon before adding the scintillation cocktail 

fluid. Another set of samples were incubated in the dark and then filtered to determine 

the dark 14C uptake as blanks. All the vials were added with 7 mL scintillation cocktail 

fluid (Hisafe 3, Perkin-Elmer, USA) and the 14C activities were counted using a 

Tri-Carb 3110TR scintillation counter (Perkin-Elmer, USA). The total carbon 

productivity and the photosynthetic organic productivity were calculated using total 14C 

activity, particulate radio carbon activity, cell abundance, dissolved inorganic carbon 
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(DIC) and incubation time. The calcification rate was calculated as the difference of the 

two processes. 

Seawater carbonate chemistry 

Subsamples (250 mL) for alkalinity analysis were preserved with 200 µL of 5% 

HgCl2 solution in ShottTM glass bottles (Shott AG, Germany) with screw caps. 

Alkalinity was then measured using potentiometric titration in a closed cell attached 

with Metrohm Dosimat 765 (Metrohm, USA), following the method of Dickson et 

al.(2007). The accuracy of the method as determined by analysis of certified reference 

material (CRM) provided by Andrew Dickson from Scripps Institution of 

Oceanography, is estimated to be ± 2 µmol kg-1. The measurements were conducted 

using a Fluke high precision voltmeter, and the final calculation was carried using 

custom-written software (Dr. Kim Currie, National Institute of Water and Atmospheric 

Research Ltd. (NIWA), University of Otago, personal communication). 

For DIC measurements, 20 mL borosilicate vials were rinsed twice, filled with 

samples gently avoiding air bubbles, and fixed with 20 µL 5% HgCl2 solution. The 

samples were capped tightly and stored at 4°C in dark until analysis. DIC 

concentrations were analysed with an automated infra-red inorganic carbon analyser 

(AIRICA, MARIANDA, Germany) connected with LI-COR 820, and corrected 

according to the seawater CRM measurements (Dickson et al., 2007). The estimated 

accuracy of the analysis is ± 5 µmol kg-1.pH values on the total scale were measured 

with a colorimetric method using an automated seawater pH measurement system 

(McGraw et al., 2010), with thymol blue as an indicator dye. The seawater carbonate 

chemistry was calculated using the program CO2sys version 1.05 (E. Lewis and D. W. 

R. Wallace), using the constants in Mehrbach et al.(1973), re-fitted by Dickson and 

Millero (1987). 

Data analyses 

The statistically significant difference of measured physiological metrics of the 
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six experimental treatments was detected with one-way analysis of variance (ANOVA) 

using commercial statistical software SigmaStat (Version 3.5; Jandel Scientific, San 

Rafael, CA, USA). Differences between treatments were considered significant when 

p<0.05. Post-hoc comparisons using the Student-Neuman-Keuls (SNK) test were 

conducted to examine the differences between specific two groups.  

Due to the lack of conventional statistical methods of testing interactive effects 

of the environmental drivers for this experimental design, a qualitative approach was 

used in the present study following Folt et al. (1999) to determine the interactions 

among multiple drivers. Two-way and multi-factorial interactions between OA and 

other environmental drivers were examined by qualitative comparisons between the 

observed effects (OEs) in the present study and the model predicted effects of multiple 

environmental drivers (based on the individual effects of each environmental driver 

calculated in Chapters 2 and 3). The observed effect (OE) was calculated as the 

percentage of change between two-way or multi-factorial treatment relative to the 

“control” treatment. Two models were used for the predictions, as described in Folt et 

al. (1999):  

1) Additive effect (AE) of n environmental drivers = E1+E2+…+En       (Eq. 4.2); 

2) Multiplicative effect (ME) of n environmental drivers                        

= (1-E1)×(1-E2) ×…×(1-En) – 1                                 (Eq. 4.3). 

Here En represents the individual effect of environmental driver n on the measured 

physiological metric, calculated as the percentage of changes at the predicted condition 

for year 2100 relative to that at the present day condition in the Chatham Rise area as 

presented in Table 2.2 and Table 3.2.  

The interactions among environmental drivers are defined as the followings: 

1) Additive effect: the OE of two or more interacting environmental drivers is equal to 

the calculated AE (Boyd & Hutchins, 2012); 
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2) Synergistic interactive effect (or synergism): the OE of two or more interacting 

environmental drivers is larger than the calculated ME (Folt et al., 1999); 

3) Antagonistic interactive effects (or antagonism): the OE of two or more interacting 

environmental drivers is smaller than the calculated ME (Folt et al., 1999). 

4.3 Results 

4.3.1 Growth rate 

Acclimation of E. huxleyi growth to the new environmental conditions was 

observed during the course of the incubation (Fig. 4.1a). In the beginning of the 

incubation period, the daily growth rates in most of the experimental treatments kept 

decreasing from day 3 to day 14, until reaching the steady growth phase, especially in 

the “CO2-N” and “multiple” treatments. During the last five sampling days (day 14-18), 

the growth in all the treatments was observed to be relatively stable with less than 20% 

fluctuation. The average growth rate of the steady growth phase in the “control” 

treatment was 0.74 ± 0.01 d-1, and there was no significant difference for the growth 

rate in the “CO2-P” or “CO2+T” treatments compared to “control” (p<0.05, Fig. 4.1b). 

Growth rate significantly decreased by 30% in the “CO2-N” treatment and by 14% in 

the “CO2+I” treatment from “control” (p<0.05). Lowest growth rate (0.30 ± 0.07 d-1) 

was observed in the “multiple” treatment, which was less than half of the value of 

“control” and significantly lower than in all other treatments (p<0.05, Fig. 4.1b). 
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Fig. 4.1. a) Growth rates (d-1) of Emiliania huxleyi in the six experimental treatments during the 
course of the incubation; b) Average growth rate (d-1) of the final five days of the incubation in the 
six experimental treatments. “*” represents significant difference compared to the “control” 
treatment and “**” represents significant difference compared to the “multiple” treatment based on 
the one-way ANOVA analyses. Error bars represent standard deviations (n=3). 
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4.3.2 Photosynthetic rate and calcification rate 

The photosynthetic rate of E. huxleyi was also significantly lower in the “CO2-N” 

and “multiple” treatments compared to “control” value of 0.47 ± 0.02 pg C cell-1 h-1 

(p<0.05), with 37% and 50% decrease in rates, respectively (Fig. 4.2a). The 

photosynthetic rate in the “multiple” treatment (0.20 ± 0.03 pg C cell-1 h-1) was 

significantly lower than all the other five treatments (p<0.05). Calcification rate showed 

a similar trend with that of photosynthetic rate with 36% and 66% decrease in the 

treatments of “CO2-N” and “multiple”, respectively, compared to the “control” 

(p<0.05). Especially in the “multiple” treatment, where calcification rate dropped to the 

lowest value of 0.13 ± 0.02 pg C cell-1 h-1, a third of the “control” value of 0.38 ± 0.03 

pg C cell-1 h-1 (p<0.05, Fig. 4.2b). For the ratio between the two rates (calcification: 

photosynthesis), there was no statistically significant difference among all the 

experimental treatments due to the high variability of the triplicate values, with an 

average of 0.75 ± 0.11 pg C cell-1 h-1 across all the treatments (Fig. 4.2c). 
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Fig. 4.2. a) Photosynthetic rates (pg C cell-1 h-1) of Emiliania huxleyi in the six experimental 
treatments on the final sampling day; b) Calcification rates (pg C cell-1 h-1) in the six experimental 
treatments on the final sampling day; c) The ratios of calcification rates to photosynthetic rates in 
the six experimental treatments on the final sampling day. “*” represents significant difference with 
the “control” treatment and “**” represents significant difference with the “multiple” treatment 
based on the one-way ANOVA analyses. Error bars represent standard deviations (n=3). 
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4.3.3 Cellular POC and cellular PIC contents 

The cellular POC content in the “CO2-N” treatment (8.42 ± 0.18 pg cell-1) was 

the lowest among all the treatments (p<0.05), about 26% lower than that for the 

“control”, whereas the value was significantly higher in the “CO2+P” treatment 

compared to the “control” (p<0.05, Fig. 4.3a). There was no significant difference in 

the cellular POC between the “multiple” and “control” treatments. Similarly, the 

cellular PIC content (Fig. 4.3b) significantly decreased by 18% in the “CO2-N” 

treatment compared to that of “control” (p<0.05). In addition, a much lower cellular 

PIC value was observed for the “CO2+T” treatment (due to missing PIC samples of 

“CO2+T”, the statistical test was not able to be performed). The average cellular PIC 

content (9.40 ± 0.18 pg cell-1) in the “multiple” treatment was slightly lower than that in 

the “control” (11.23 ± 0.91 pg cell-1), however, the difference was not statistically 

significant due to the high variances of the values, in contrast to the trend observed for 

calcification rate. The ratio of cellular PIC to POC content (PIC:POC, Fig. 4.3c) was 

slightly lower in the “CO2+P” treatment (0.78 ± 0.13) compared to the “control” (0.99 

± 0.08); the lowest value was observed in the “CO2+T” treatment (0.49), however, 

these changes were not statistically significant (p>0.05). 
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Fig. 4.3. Cellular POC and PIC contents of Emiliania huxleyi in the six experimental treatments on 
the final sampling day: a) Cellular POC contents (pg cell-1); b) Cellular PIC contents (pg cell-1); c) 
ratios of cellular PIC to cellular POC. “*” represents significant difference with the “control” 
treatment and “**” represents significant difference with “multiple” treatment based on the one-way 
ANOVA analyses. Error bars represent standard deviations (n=3, except for the “CO2+T” treatment, 
where only a single value was used due to negative values measured for the other two replicate 
samples).     
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4.3.4 Cellular Chl-a, PON and POP contents 

The cellular Chl-a content of E. huxleyi (Fig. 4.4a) was significantly lower in 

the “CO2-N”, “CO2+I” and “multiple” treatments (p<0.05) compare to “control”. In 

particular, the cellular Chl-a content in the “multiple” treatment (0.04 ± 0.01 pg cell-1) 

was only 20% of that in the “control”, and significantly lower than any of the other 

treatments (p<0.05). In the “CO2-N” and “CO2+I” treatments, the cellular Chl-a content 

was 40% and 32% lower than that in the “control”, respectively. The cellular PON 

content (Fig. 4.4b) significantly decreased (p<0.05) by 34% in the “CO2-N” treatment 

and 24% in the “CO2+T” treatment, but increased (p<0.05) by 19% in the “CO2-P” 

treatment, respectively, compared to the “control” (2.05 ± 0.20 pg cell-1). The lowest 

cellular PON content was also observed in the “multiple” treatment, only 40% of the 

value at the “control” (p<0.05). For the cellular POP content (Fig. 4.4c), the value (0.12 

± 0.02 pg cell-1) in the “multiple” treatment was significantly lower (p<0.05) than those 

of “CO2+I” (0.21 ± 0.01 pg cell-1) and CO2+T” (0.22 ± 0.03 pg cell-1) treatments; in 

addition, the cellular POP content was also significantly lower (p<0.05) at “CO2-N” 

(0.13 ± 0.02 pg cell-1) compared to the values at “CO2+I” and CO2+T”. 
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Fig. 4.4. a) Cellular Chl-a contents (pg cell-1) of Emiliania huxleyi in the six experimental 
treatments on the final sampling day; b) Cellular PON contents (pg cell-1) in the six experimental 
treatments on the final sampling day; c) Cellular POP contents (pg cell-1) in the six experimental 
treatments on the final sampling day. “*” represents significant difference with the “control” 
treatment and “**” represents significant difference with the “multiple” treatment based on the 
one-way ANOVA analyses. Error bars represent standard deviations (n=3).    
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4.3.5 Cellular elemental ratios 

The C:Chl-a ratio substantially increased in the “multiple” compared to all the 

other five treatments (p<0.05), with a value more than four-fold higher than that of the 

“control”. The ratio also significantly increased by 69% in the “CO2+I” treatment from 

the “control” value of 60.88 ± 7.82 (Fig. 4.5a). The cellular PON to POP ratio (N:P, Fig. 

4.5b) was significantly lower in the“CO2+I”, “CO2+T” and “multiple” treatments 

compared to the “control” (p<0.05). The N:P ratio was lowest in the “multiple” 

treatment, almost half of the “control” value of 23.86 ± 2.88. Compared to the 

“multiple” treatment, N:P ratio was higher in the “CO2-N” and “CO2-P” treatments 

(p<0.05).On the contrary, both the cellular POC to PON ratio (C:N) and cellular POC 

to POP ratio (C:P) were highest in the “multiple” treatment. The C:N ratio (Fig. 4.5c) in 

the “multiple” treatment (18.20 ± 3.64) was almost two-fold higher than the value of 

6.52 ± 0.75 at �control”, and also significantly higher than the ratios in the“CO2-N”, 

�CO2-P” and CO2+I” treatments (p<0.05). For the C:P ratio (Fig. 4.5d), the value in 

the “multiple” treatment was highest across all the treatments (p<0.05), 1.6-fold greater 

than the ratio in the “control” of 163.05 ± 5.03. Compared to �control”, significant 

differences in C:N and C:P ratios were only observed in the “multiple” treatment. 
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Fig. 4.5. Elemental ratios of Emiliania huxleyi in the six experimental treatments on the final 
sampling day: a) ratios of cellular particulate organic nitrogen to cellular particulate organic 
phosphorus (N:P); b) ratios of cellular particulate organic carbon to cellular particulate organic 
nitrogen (C:N); c) ratios of cellular particulate organic carbon to cellular particulate organic 
phosphorus (C:P). “*” represents significant difference with the “control” treatment and “**” 
represents significant difference with the “multiple” treatment based on the one-way ANOVA 
analyses. Error bars represent standard deviations (n=3). 
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4.3.6 Interactive effects of CO2 and other environmental drivers on Emiliania 

huxleyi physiology 

The interactive effects of CO2 and other four environmental drivers (nitrate, 

phosphate, irradiance and temperature) on the physiology of E. huxleyi were tested. 

Their influence was established by comparing the observed effects of multiple drivers 

with the predicted effects on E. huxleyi based on both the additive and multiplicative 

models on the rate processes (Table 4.3 and 4.4) and the cellular elemental composition 

(Table 4.5 and 4.6) of E. huxleyi.  

For the E. huxleyi physiological rate processes (growth, photosynthetic and 

calcification rates), most of the interactive effects (both two-way and multi-factorial) 

between CO2 and other four environmental drivers were synergistic, as the observed 

effects (OEs) were greater than the predicted MEs (Table 4.3 and 4.4). CO2 and nitrate, 

CO2 and irradiance, and the multi-factorial interaction of all five environmental drivers 

had synergistic negative effects on the growth rate of E. huxleyi. A negative synergism 

was also observed for the interaction of CO2 and nitrate, and for the combined effect of 

all five drivers on the photosynthetic rate of E. huxleyi. Furthermore, the CO2 and 

nitrate interaction had an additive effect (OE ≈ AE) and the multi-factorial interaction 

again had a synergistic effect on E. huxleyi calcification rate. In general, the 

multi-factorial interaction had the most substantial effects on the three rate processes 

among all the interactions, with OE values three-fold, four-fold, and 1.2-fold higher 

than the predicted MEs for growth, photosynthetic and calcification rate, respectively. 

For the two-way factorial interactions, CO2 and nitrate had the greatest effects on all 

three rate processes (Table 4.7). 
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Table 4.3. The observed effects (OEs) of single, two-way and multiple environmental drivers vs. the predicted effects (additive effects (AEs) and multiplicative effects (MEs) 
on the growth rate of Emiliania huxleyi. The observed and predicted effects are expressed as percentage changes of the rate processes relative to the “control” (i.e. the present 
day Chatham Rise conditions), with negative values representing negative effects (increase) and positive values representing positive effects (decrease). The OEs of single 
environmental drivers are taken from Table 2.4. The OEs of two-way and multiple drivers were calculated directly. Drivers are designated as N = nitrate, P= phosphate, I = 
irradiance, and T= temperature. 

Treatment 

(Type of interaction) 

Effects on growth rate 

OE AE ME 
Type of interactive effects 

% 

CO2 -4.56    

N -20.46    

CO2 and N -30.23 -25.02 -24.09 Syn.* 

P -3.34    

CO2 and P 
-1.66 

(-2.94~+0.98) 
-7.90 -7.75  

I +0.42    

CO2 and I -13.92 -4.14 -4.16 Syn. 

T +15.22    

CO2 and T 
+0.93 

(-2.42~+3.07) 
+10.67 +9.97  

Multiple 

(CO2, P, N, I and T) 
-60.07 -12.72 -15.10 Syn. 

* Syn. – Synergistic effect. 
Values in bold (overall effect based on the mean of triplicates) represent those that are significantly different from “control” treatment (one-way ANOVA); whereas values in grey (mean with the range of 

the triplicate values of calculated effects in parentheses) represent non-significant difference of the corresponding treatments compared to “control” from the multi-factorial manipulation experiment 

(one-way ANOVA).    
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Table 4.4. The observed effects (OEs) of single, two-way and multiple environmental drivers vs. the predicted effects (additive effects (AEs) and multiplicative effects (MEs) 
on the photosynthetic and calcification rates and the calcification: photosynthesis ratio of Emiliania huxleyi. The observed and predicted effects are expressed as percentage 
changes of the rate processes relative to the “control” (the the present day Chatham Rise conditions), with negative values representing negative effects (increase) and positive 
values representing positive effects (decrease). The OEs of single environmental drivers are taken from Table 2.4. The OEs of two-way and multiple drivers were directly 
calculated. Driver designations are the same as Table 4.3.  

Treatment 

(Type of interaction) 

Effects on photosyntheticrate Effects on calcificationrate Effects on calcification:photosynthesis ratio 

OE AE ME Type of 

interactive 

effects 

OE AE ME Type of 

interactive 

effects 

OE AE ME Type of 

interactive 

effects 
% % % 

CO2 +2.77    -14.40    -9.91    

N -22.17    -25.13    +1.59    

CO2 and N -36.73 -19.4 -20.01 Syn.* -36.30 -39.53 -35.91 Add.** 
+2.17 

(-19.85~+21.97) 
-8.32 -8.48  

P -3.94    -2.31    +6.78    

CO2 and P 
+13.59 

(-2.0~+23.4) 
-1.17 -1.28  

+3.41 

(-20.42~+24.35) 
-16.71 -16.37  

-9.59 

(-18.78~+3.18) 
-3.13 -3.80  

I +3.19    +0.10    -5.79    

CO2 and I 
+8.23 

(+5.66~+9.61) 
+5.96 +6.05 Syn.(?) 

-7.03 

(-5.60~+9.78) 
-14.30 -14.31 Ant. (?) 

-14.07 

(-17.67~-10.64) 
-15.70 -15.13  

T +11.47    +11.77    +4.92    

CO2 and T 
+14.76 

(+5.09~+29.52) 
+14.24 +14.55 Add.(?) 

+6.70 

(-4.96~+13.57) 
-2.63 -4.32  

-7.01 

(-13.78~+8.06) 
-4.99 -5.48  

Multiple 

(CO2, P, N, I and T) 
-57.52 -8.68 -11.62 Syn. -66.38 -29.97 -29.96 Syn. 

-19.97 

(-41.93~-6.69) 
-2.41 -3.40 Syn. (?) 

* Syn. – Synergistic effect; *** Add. –Additive effect. Values in bold (overall effect based on the mean of triplicates) represent those that are significantly different from the “control” treatment 

(one-way ANOVA), whereas values in grey (mean of triplicate values, with the range of the calculated effects given in parentheses) represent non-significant difference of the corresponding treatments 

compared to “control” from the multi-factorial manipulation experiment (one-way ANOVA). The results of interactive effects annotated with question marks (?) are estimated using the average OE values 

only for the non-significant effects with the range of triplicate OE values fell in the same category (i.e. synergistic/additive/antagonistic) of effects. 
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Similarly, both synergisms and antagonisms were observed for the interactive 

effects of multiple environmental drivers on the cellular elemental composition of E. 

huxleyi (Tables 4.5 and 4.6). The interaction of CO2 and nitrate had synergistic 

effects on E. huxleyi cellular POC, PIC (Table 4.5) and PON (Table 4.6) contents, 

but antagonistic effects on E. huxleyi cellular POP content (Table 4.6). CO2 and 

phosphate interaction had synergistic effects on E. huxleyi cellular POC and PON, 

and also antagonistic effects on E. huxleyi cellular POP. An antagonistic effect alone 

on E. huxleyi cellular POC content was observed for the interaction of CO2 and 

irradiance, whereas CO2 and temperature together and the multi-factorial interactions 

both had antagonistic effects on cellular POC, PIC and POP, but synergistic effects 

on cellular PON. The absolute value of OE from the CO2 and nitrate interaction was 

highest among all the two-way factorial interactions on all the cellular elemental 

composition of E. huxleyi, except for POP. The interaction of all five drivers had the 

largest effect on cellular PON content, but no significant effects on E. huxleyi 

cellular POC, PIC or PON contents, in contrast to what was observed for the rate 

processes of E. huxleyi (Table 4.7). 

 

  



123!

Table 4.5. The observed effects (OEs) of single, two-way and multiple environmental drivers vs. the predicted effects (additive effects (AEs) and multiplicative 
effects (MEs) on the cellular particulate organic carbon (POC) and particulate inorganic carbon (PIC) contents of Emiliania huxleyi. The observed and predicted 
effects are expressed as percentage changes of the rate processes relative to “control” (the present day Chatham Rise conditions), with negative values representing 
decrease and positive values representing increase. The OEs of single environmental drivers are taken from Table 3.3 based on the calculation from the fitted 
dose-response curves. The OEs of two-way and multiple drivers were directly calculated. Driver designations are the same as Table 4.3.  

Treatment 

(Type of interaction) 

Effects on Cellular POC Effects on Cellular PIC 

OE AE ME Type of interactive 

effects 

OE AE ME Type of interactive 

effects % % 

CO2 n.s.    n.s.    

N -15.77    -8.86    

CO2 and N -33.65 -15.77 -15.77 Syn. n.s. -8.86 -8.86 Ant. 

P n.s.    -25.89    

CO2 and P +19.28 0 0 Syn. n.s. -25.89 -25.89 Ant. 

I n.s.    n.s.    

CO2 and I n.s. 0 0 -- n.s. 0 0 -- 

T -9.65    -11.63    

CO2 and T -23.70 -9.65 -9.65 Syn. n.s. -11.63 -11.63 Ant. 

Multiple 

(CO2, P, N, I and T) 
-62.01 -25.42 -23.90 Syn. n.s. -46.39 -40.32 Ant. 

* Syn. – Synergistic effect; ** Ant. – Antagonistic effect; �n.s. (in grey) –Non-significant effects according to one-way ANOVA analysis and value 0 was used for 
the calculations. 
Values in bold (average effects of triplicates) represent significant differences of the corresponding treatments compared to “control” from the multi-factorial manipulation experiment (one-way 

ANOVA). 

  



124!

Table 4.6. The observed effects (OEs) of single, two-way and multiple environmental drivers vs. the predicted effects (additive effects (AEs) and multiplicative 
effects (MEs) on the cellular particulate organic nitrogen (PON) and particulate organic phosphorus (POP) contents of Emiliania huxleyi. The observed and predicted 
effects are expressed as percentage changes of the rate processes relative to the “control” (the present day Chatham Rise conditions), with negative values 
representing decrease and positive values representing increase. The OEs of single environmental drivers are taken from Table 3.3 based on the calculation from the 
fitted dose-response curves. The OEs of two-way and multiple drivers were directly calculated. Driver designations are the same as Table 4.3.  

Treatment 

(Type of interaction) 

Effects on cellular PON Effects on cellular POP 

OE AE ME Type of interactive 

effects 

OE AE ME Type of interactive 

effects % % 

CO2 +5.49    n.s.    

N n.s. �    n.s.    

CO2 and N -25.98 +5.49 +5.49 Ant.* -17.82 0 0 Syn. 

P n.s.    n.s.    

CO2 and P +21.01 +5.49 +5.49 Syn. n.s. 0 0 - 

I 0.34    n.s.    

CO2 and I n.s. +5.83 +5.85 Ant.** n.s. 0 0 - 

T -10.05    -14.24    

CO2 and T n.s. -10.05 -10.05 Ant. n.s. -14.24 -14.24 Ant. 

Multiple 

(CO2, P, N, I and T) 
n.s. -11.12 -11.01 Ant. n.s. -14.24 -14.24 Ant. 

* Syn. – Synergistic effect; ** Ant. – Antagonistic effect; �n.s. (in grey) –Non-significant effects according to one-way ANOVA analysis and value 0 was used for 
the calculations. 
Values in bold (average effects of triplicates) represent significant differences of the corresponding treatments compared to “control” from the multi-factorial manipulation experiment (one-way 

ANOVA). 
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Table 4.7. Rankings of the observed effects (OEs) (in percentage changes relative to the present day conditions in the Chatham Rise area) of the single environmental 
drivers, and the two-way and multi-factorial interactions on the rate processes (growth, photosynthetic and calcification rates) and elemental composition (cellular 
particulate organic carbon (POC), particulate inorganic carbon (PIC), particulate organic nitrogen (PON) and particulate organic phosphorus (POP)) of Emiliania 
huxleyi. The numbers represent the gradient of most (1) to lease (10) important effects. “+” and “-” in the parenthesis represent positive and negative effects, 
respectively. Non-significant effects are marked as “n.s.”. Driver designations are the same as Tables 4.2 and 4.3. 

Treatment 
Rate processes Cellular elemental contents 

Growth rate Photosynthetic rate Calcification rate Cellular POC Cellular PIC Cellular PON Cellular POP 
CO2 6 (-) 7 (+) 4 (-) 4 (+) n.s. n.s. n.s. 

N 3 (-) 3 (-) 3 (-) n.s. n.s. 5 (-) 3 (-) 
CO2 and N 2 (-) 2 (-) 2 (-) 1 (-) 1 (-) 2 (-) n.s. 

P 7 (-) 5 (-) 6 (-) n.s. n.s. n.s. 1 (-) 
CO2 and P n.s. n.s. n.s. 2 (+) n.s. 4 (+) n.s. 

I 8 (+) 6 (+) 7 (+) 5 (+) n.s. n.s. n.s. 
CO2 and I 5 (-) n.s. n.s. n.s. n.s. n.s. n.s. 

T 4 (+) 4 (+) 5 (+) 3 (-) 2 (-) 6 (-) 2 (-) 
CO2 and T n.s. n.s. n.s. n.s. n.s. 3 (-) n.s. 
Multiple 

(CO2,P, N, I and T) 
1 (-) 1 (-) 1 (-) n.s. n.s. 1 (-) n.s. 
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4.4 Discussion 

Marine organisms will encounter a combination of changes of various 

environmental drivers in addition to OA under future global climate change scenario 

(Boyd & Hutchins, 2012). The present study examined the environmentally-relevant 

effects on the physiology of E. huxleyi of two-way factorial manipulations of OA and 

the other four drivers (nitrate, phosphate, irradiance and temperature), and the 

cumulative effects of manipulation of all the five drivers according to the model 

projected changes in Chatham Rise area for the year 2100. The results from this study 

suggested that the interaction of CO2 and nitrate had the greatest negative effects on 

most of the E. huxleyi physiological metrics among all the two-way factorial 

manipulations. Moreover, across all experimental treatments, the manipulation of the 

five environmental drivers caused the most dramatic decreases in the growth rate, 

photosynthetic rate, calcification rate and cellular PON content of E. huxleyi, indicating 

a prominent synergism from the cumulative effects of multiple environmental drivers. 

4.4.1 Interactive effects of ocean acidification and decreased nitrate 

concentration on Emiliania huxleyi physiology 

The interplay of rising pCO2 and decreased nitrate concentration had synergistic 

effects on growth and photosynthetic rates and cellular PON content, and additive 

effects on calcification rate. Interestingly, these results are consistent with the effects of 

the single environmental drivers; among all the single drivers, 33% decrease in nitrate 

concentration played the most important role in regulating the growth, photosynthetic 

and calcification rate processes and the cellular PON content of E. huxleyi (see Table 

2.4). 

In the present study, the interplay between rising pCO2 and 33% reduced nitrate 

concentration had the largest synergistic negative effects on the growth and 

photosynthesis of E. huxleyi among all the two-way factorial interactions. Nitrogen 

availability regulates the phytoplankton carbon concentrating mechanism (CCM) 
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through the synthesis of proteins involved in CCMs (such as DIC transporters) 

(Beardall & Giordano, 2002). Although increasing CO2 concentration in general 

promotes phytoplankton photosynthesis by providing more CO2 as inorganic carbon 

substrate (see Chapter 2 for details), the suppressed photosynthesis in “CO2-N” 

treatment in the present study was likely to be attributed to the depression of the CCM 

by decreased nitrate concentration (Sciandra et al., 2003). On the other hand, the 

acidification of cytosol (decrease in internal pH) of E. huxleyi cells at high pCO2 might 

indirectly affect the growth and organic carbon productivity (Sciandra et al., 2003). 

Nitrogen is an important component of the enzymeribulose-1,5-bisphosphate 

carboxylase/oxygenase (RubisCO), the activity of which controls the cellular organic 

carbon fixation. Thus excess CO2 can be accumulated in the cell with less RubisCO 

activity under nitrogen limitation at high pCO2 and cause an even more acidified 

cytosol than under the nutrient replete condition (Sciandra et al., 2003). Therefore, in 

the present study, the lower internal pH in the “CO2-N” treatment compared to either 

the rising pCO2 or decreasing nitrate concentration alone may further depress the 

growth and photosynthesis of E. huxleyi (Nimer & Merrett, 1993; Nimer et al., 1994a), 

causing synergistic negative effects of rising pCO2 and decreasing nitrate concentration 

on both growth and photosynthetic rates. 

The present study also observed a further decrease in calcification rate under the 

combined low nitrate/high pCO2 treatment compared to the effects of decreasing nitrate 

or increasing pCO2 alone. This decrease in calcification was likely due to the impaired 

transportation of Ca2+ (Sciandra et al., 2003) and pH homeostasis (Taylor et al., 2011) 

caused by the reduced internal pH (as discussed above). However, compared to the 

synergistic effects on growth and photosynthetic rates, the CO2 and nitrate interplay had 

a relatively small (additive) effect on calcification in the present study. Here the 

differential effects on calcification and photosynthesis were probably due to the lower 

energy requirements of calcification (including HCO3
-, Ca2+ and H+ transport) than 

those of a CCM (Anning et al., 1996). 

Simultaneous changes in pCO2 (increased) and nitrate concentration (decreased) 
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also had synergistic negative effects on cellular POC, PIC and PON contents in the 

present study. Interestingly, increased pCO2 alone under nutrient-replete conditions 

increased the cellular POC content and had no significant effect on cellular PIC, 

whereas neither cellular POC nor cellular PIC was significantly affected by decreased 

nitrate concentration alone (see Chapter 3). However, the interplay of CO2 and nitrate 

significantly decreased both cellular POC and PIC contents, which might be caused by 

the interactive effects of decreased nitrate and increased pCO2 on photosynthesis and 

calcification as discussed earlier. The findings in the present study on E. huxleyi 

photosynthesis and calcification responses to rising pCO2 and decreased nitrate differ 

with the observations of some other studies on E. huxleyi PML B92/11, a strain isolated 

from Raune Fjord, Norway and NZEH, respectively (Leonardos & Geider, 2005; 

Müller et al., 2012; Rouco et al., 2013). The latter three studies all reported increased 

POC productivitywith increased pCO2 under nitrate limitation from chemostat 

incubation experiments, but under higher irradiances of 500 and 300 µmol photons m-2 

s-1 (Leonardos & Geider, 2005; Müller et al., 2012) or higher temperature of 19°C 

(Rouco et al., 2013) than the present study. These different responses might be a 

strain-specific (Langer et al., 2009) difference and/or due to the different light levels 

and/or temperature used.  

4.4.2 Interactive effects of ocean acidification and decreased phosphate 

concentration on Emiliania huxleyi physiology 

The interplay between rising pCO2 and decreasing phosphate concentration did 

not have significant effects on growth, photosynthetic or calcification rates of E. huxleyi 

in the present study. The lack of response to decreased phosphate concentration of E. 

huxleyi may be caused by the high affinity to phosphate due to the enhanced enzyme 

alkaline phosphatase (AP) under phosphorus limitation (Riegman et al., 2000; Paasche, 

2002; Chapter 2). In the present study, increasing pCO2 and decreasing phosphate 

concentration only had a significant synergism on the cellular POC and cellular PON 

contents of E. huxleyi. Here the responses of E. huxleyi cellular POC and PON contents 
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were in accordance with the findings from a study on a non-calcifying E. huxleyi strain 

(Leonardoes & Geider, 2005), in which both cellular POC and PON increased at high 

pCO2 of 2000 ppm under phosphate limitation. The consistent responses of cellular 

POC and PON can be explained by previous findings of coupled organic carbon 

production and nitrate assimilation in coccolithophores (Turpin, 1991) and increased 

enzyme nitrogen reductase activity of E. huxleyi by rising pCO2 under nitrate replete 

condition (Rouco et al., 2013). 

Interestingly, although a 33% decrease in phosphate concentration alone 

significantly reduced the cellular POP content, there was no significant difference in 

cellular POP between the “CO2-P” and “control” treatment in the present study. 

Borchard et al. (2011) also observed the decoupling of the POP quota from POC quota 

of high pCO2 cells under phosphorus limitation and speculated that E. huxleyi cells 

have a large plasticity in cellular phosphorus quota; in their study, the cellular POP 

content only greatly decreased with rising pCO2 under severe phosphate limitation 

(when µ=0.1 d-1 for the chemostat incubation), but was not altered by pCO2 under 

moderate phosphate limitation at a growth rate of 0.3 d-1. In contrast, the present study 

was conducted using semi-continuous incubation with daily dilution of the cultures 

with seawater media and the difference between the control and “CO2-P” treatment was 

only 0.33 µM; thus the cells were not under severe phosphate limitation. The offset of 

cellular POP at low phosphate by rising pCO2 in the present study is likely to be 

attributed to the regulation of AP activity in E. huxleyi. An increase in AP activity of E. 

huxleyi strain NZEH was observed when pCO2 increased from ~250 to ~500 ppm under 

phosphate limitation (Rouco et al., 2013); therefore, cellular POP production might be 

promoted in the present study by the rising pCO2 from 380 to 750 ppm. 

4.4.3 Interactive effects of ocean acidification and increasing irradiance on 

Emiliania huxleyi physiology 

In the present study, the interplay between rising pCO2 and 25% increase in 

irradiance had synergistic negative effects on the growth rate of E. huxleyi, even though 
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increasing irradiance alone slightly promoted growth (Chapter 2). This result indicates 

possible differential responses of E. huxleyi growth to changes in pCO2 under different 

irradiance levels. Simultaneously increasing both pCO2 and irradiance also had a 

slightly synergistic positive effect on the photosynthetic rate of E. huxleyi in the present 

study. Rising pCO2 in the seawater might lead to down-regulated CCM activity in some 

marine phytoplankton (Badger et al., 1980; Kaplan & Reinhold, 1999), thus reducing 

the photon requirement for inorganic carbon fixation, as the operating of CCM requires 

at least 1.14 mol photons per mol CO2 (Falkowski & Raven, 2007). Therefore, it can be 

speculated that E. huxleyi photosynthesis will be saturated at lower irradiance when 

pCO2 is increased. Thus increasing in both pCO2 and irradiance led to a synergistic 

effect on photosynthetic rate in the present study. However, the irradiance levels of the 

control (140 µmol photons m-2 s-1) and “CO2+I” (175 µmol photons m-2 s-1) were both 

above the saturating irradiance for photosynthesis (see Chapter 2); therefore, the change 

in photosynthetic rate between “CO2+I” and “control” was small and statistically 

non-significant due to the variation of triplicate values. 

In contrast, the present study demonstrated an antagonistic effect on 

calcification rate of E. huxleyi from the interaction of rising pCO2 and irradiance. 

Increasing pCO2 in the seawater medium increases H+ concentration, which may affect 

the pH gradient across plasma membrane of the E. huxleyi cells, and increase the 

energy required to pump out the extra H+ produced by E. huxleyi calcification through 

plasmalemma (Taylor et al., 2011). This increased energy requirement for calcification 

by increasing pCO2 was likely to be compensated for by the increasing irradiance level 

in the present study, thus causing the antagonistic effect on the calcification rate of E. 

huxleyi by the interplay of rising pCO2 and irradiance.  

4.4.4 Interactive effects of ocean acidification and elevated temperature on 

Emiliania huxleyi physiology 

In the present study, the CO2 interaction with temperature mainly had 

synergistic negative effects on the cellular PON content, and reduced the cellular N:P 
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ratio. This is in line with the findings of Borchard et al. (2011) of decreased cellular 

PON content of E. huxleyi (PML B92/11) in response to simultaneous increases in 

pCO2 and temperature (from 13°C to 18°C) at intermediate phosphate concentration (µ 

= 0.3 for chemostat incubation). The decrease in cellular PON content and N:P ratio in 

the present study indicates a relatively less cellular requirement of nitrogen with more 

CO2 as substrate for photosynthesis at high temperature. 

A previous study of semi-continuous incubation on E. huxleyi strain CCMP 371 

found enhanced photosynthesis with elevated temperatures (from 20°C to 24°C) at high 

pCO2, especially under a sub-saturating irradiance of 50 µmol photons m-2 s-1 (Feng et 

al., 2008) However, on one hand, the present study was conducted at saturating 

irradiance, and the incubation temperature was only 2°C higher in the “high 

temperature” treatment than the “control”. As such, there was only a trend of slightly 

increased photosynthetic rate in the �CO2+T” treatment in the present study. However, 

due to the high variance in the three triplicate samples, this trend was not statistically 

significant, in accordance with the results of Benner et al. (2013). Benner et al. (2013) 

also reported that POC production of E. huxleyi strain CCMP 371 did not change under 

conditions with both pCO2 (380-800 ppm) and temperature (20°C-24°C) increased after 

more than 700 generations of chemostat continuous incubation under saturating 

irradiance. 

Both the cellular PIC content and PIC: POC ratio of E. huxleyi were much lower 

in the “CO2+T” treatment compared to the “control” values in the present study; 

however, this was not statistically significant because of missing samples of PIC 

analysis. A study of the North Atlantic spring bloom phytoplankton community, with E. 

huxleyi as the dominant coccolithophore species, also suggested significantly 

interactive effects of rising pCO2 (from 380 to 750 ppm) and 4°C increase in 

temperature on community calcification (Feng et al., 2009). Feng et al. (2009) found 

that the calcification rate only greatly decreased with rising pCO2 at high temperature 

of 16°C (4°C warmer than ambient). Similarly, De Bobt et al. (2010) reported 

decreased PIC production of E. huxleyi strain AC481with elevated pCO2 and 
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temperature (13°C -18°C). However, in the present study, the calcification rate of the 

southern hemisphere E. huxleyi strain did not significantly change with simultaneous 

increases in pCO2 and 2°C warming, probably due to the counteractive effects of 

temperature (promoting calcification, Chapter 2) and CO2 (decreasing calcification rate, 

Chapter 2).  

The differential responses of E. huxleyi physiology to the combined change of 

pCO2 and temperature might be attributed to the different location of the optima of the 

physiological metrics on the CO2-dependent response curves at different temperatures 

(Sett et al., 2014). By examining the responses of the growth, photosynthesis and 

calcification rate of E. huxleyi (PML B92/11) within a gradient of 20-6000 µatm pCO2 

under three temperature conditions, Sett et al. (2014) found that the optimal pCO2 for 

each physiological metric was temperature-dependent. In their study, optimal pCO2 was 

increased with warming from intermediate (15°C) to high temperatures (20°C). 

Therefore, the different shapes of CO2-dependent response curves and optimal CO2 

concentrations at different temperatures could together determine if the physiological 

processes of the future change in seawater carbonate chemistry are negative or positive. 

In the present study, the optimal temperatures for growth, photosynthesis and 

calcification were 23°C, 24°C and 20°C, respectively (see Chapter 2). Thus the 

temperature shift from 14°C to 16°C in the present study might be comparable to the 

change in Sett et al. (2014) from low to intermediate temperature for growth and 

photosynthetic rate; and from intermediate to high temperature for calcification rate. I 

further speculate that the pCO2 optimum and the shape of the CO2-dependent response 

curves of the three physiological rate processes might all be changed with changing 

temperature in the present study, resulting in interactive effects between CO2 and 

temperature on E. huxleyi physiology. 

4.4.5 Combined effects of multiple environmental drivers on Emiliania huxleyi 

physiology 

This study suggests that the interactions between all the five environmental 
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drivers had the largest synergistic negative effects on growth, photosynthetic and 

calcification rates and the cellular PON content of E. huxleyi. On one hand, these 

results are in accordance with the effects of decreased nitrate concentration individually 

and the interactive effects of rising pCO2 and decreased nitrate concentration on these 

physiological metrics, but with a much larger magnitude. Nitrate concentration was the 

most important controlling factor on E. huxleyi physiology for the above metrics based 

on the ranking scheme obtained from the single-driver manipulation experiment (see 

Table 2.4 and Table 3.3), indicating a connection between the importance of single 

drivers and the outcome of the interactive effects of multiple environmental drivers. 

On the other hand, the results of the present study suggest that the effects of 

environmental changes on E. huxleyi are likely to be amplified when multiple 

environmental drivers are manipulated, implying the synergistic interactions of the 

multiple drivers on E. huxleyi physiological processes. For example, nitrate assimilation 

in coccolithophores involves the process of phosphorylation to regulate the protein 

functions (Beardall et al., 1998); therefore, decreased phosphate concentration may 

further negatively affect the nitrate assimilation at low nitrate concentration. In addition, 

increased temperature might decrease the cellular phosphorus demand of marine 

phytoplankton for ribosome synthesis, but increase the resource allocated in 

photosynthesis (Toseland et al., 2013). This would increase the phytoplankton cellular 

N:P ratio and thus increase the cellular requirement of nitrogen according to the global 

model for resource allocation in Toseland et al. (2013). Consequently, simultaneous 

warming and decrease in nitrate concentration in the future ocean might have more 

dramatic impacts on the physiological processes such as photosynthesis and chemical 

stoichiometry of E. huxleyi. Furthermore, a recent study of E. huxleyi calcite mass using 

surface sediment samples from several oceanic regions suggested that multiple 

environmental drivers of seawater temperature, nutrient concentrations and carbonate 

chemistry tend to have synergistic effects on E. huxleyi calcification (Horigome et al., 

2014), in line with the findings in the present study. 
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4.4.6 Oceanographic implications of Emiliania huxleyi physiological response 

to multiple environmental driver manipulations 

The present study observed significantly decreased growth, photosynthesis, 

calcification rates and cellular N:P ratio, but increased cellular C:N and C:P ratios of 

the southern hemisphere E. huxleyi strain under the projected future environmental 

conditions for the end of this century. The significantly decreased growth, 

photosynthetic and calcification rates of E. huxleyi in the future suggest that the 

projected conditions for the year 2100 might not benefit this present-day dominant 

coccolithophore species in the Chatham Rise area. Furthermore, the marine 

biogeochemical cycling might be also altered due to the changed cellular stoichiometry 

of this species, with more particulate carbon produced by each unit of nutrient resource 

of nitrogen or phosphorus. 

This study also provides evidence of the interplay between increasing pCO2 and 

the four other drivers (nitrate, phosphate, irradiance and temperature) on modulating the 

physiology of E. huxleyi. The results not only indicate the connections between single 

and multi-factorial effects, but also emphasise the importance of the synergistic effects 

on E. huxleyi physiology of multiple environmental drivers. Therefore it is essential to 

consider the combined effects of different drivers for a more robust prediction of the 

responses of marine organisms to global climate change, rather than only focusing on a 

single driver such as CO2. 

However, the mechanisms behind the interactions between different 

environmental drivers and their combined effects on E. huxleyi physiology are still 

unclear. Future research to further understand the underlying molecular mechanisms is 

needed in order to link the observed physiological responses with the regulations of 

metabolic pathways at the molecular level. Chapter 5 further addresses functional gene 

expression changes of E. huxleyi in response to changing pCO2 and the interplay 

between OA and other four environmental drivers, by using the quantitative reverse 

transcriptase polymerase chain reaction (qRT-PCR) technique to study the functional 
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genes related to inorganic carbon acquisition and calcification processes.
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Chapter 5.  Response of inorganic carbon acquisition and calcification 

related gene expression in Emiliania huxleyi to ocean acidification 

and multiple environmental drivers 

5.1 Introduction 

In spite of the significance of coccolithophore Emiliania huxleyi in the marine 

environment (Chapter 1), the understanding of the regulation of the cellular pathways in 

photosynthesis and calcification of E. huxleyi by future environmental changes is still 

limited (Mackinder et al., 2010; Bach et al., 2013).Together with ocean acidification 

(OA), other changes to environmental conditions which phytoplankton will encounter 

in the coming decades will occur such as upper ocean nutrient availability, irradiance 

and temperature (Boyd & Doney, 2002; Doney et al., 2014; see Chapter 1). These 

environmental drivers can affect different cellular processes of E. huxleyi in various 

ways, and may have interactive effects on E. huxleyi physiology (see Chapters 2, 3 and 

4). In order to fully understand the response of E. huxleyi to global climate change, it is 

important to understand the cellular and biochemical mechanisms and biological 

pathways in the key physiological processes, such as photosynthesis and calcification; 

and further to understand how different environmental drivers may regulate these 

mechanisms (Richier et al., 2011). 

Recent studies on the molecular aspects of E. huxleyi cell biology have made 

progress in understanding calcification mechanisms using the development of new 

molecular tools. A whole genome assemblage of E. huxleyi strain CCMP 1516 and the 

sequences of 13 individual isolates have been released publicly (von Dassow et al., 

2009; Read et al., 2013; available on the Joint Genome Istitute website: 

http://jgi.doe.gov). In addition, some of the genes related to E. huxleyi photosynthesis 

and calcification have been identified, such as internal and external carbonic anhydrase 

(CA) (Soto et al., 2006), calcium binding proteins (Corstjens et al., 1998; Richier et al., 



137 

2009), proton (H+) pump (Corstjens et al., 2001), HCO3
- exchanger (Nakajima et al., 

2013) and calcium transporters (von Dassow et al., 2009). The identification of these 

genes associated with E. huxleyi calcification and inorganic carbon acquisition have 

formed the foundation for further studies to disentangle the mechanisms of how this 

ecologically important species will respond to future changes in the marine 

environment. Some studies have focused on the effects of CO2 and pH (Richier et al., 

2011; Bach et al., 2013), and the interactive effects of OA with temperature (Benner et 

al., 2013) or light (Rokitta & Rost, 2012) on the expressions of selected genes in E. 

huxleyi. However, multiple environmental drivers are predicted to change concurrently 

in the future marine environment as described above and in previous chapters. How the 

interaction of OA with multiple environmental drivers will affect E. huxleyi physiology 

on the molecular level is presently unknown. 

The main objective of the present study is to examine the gene expression 

response of a southern hemisphere E. huxleyi strain to changes in pCO2 levels and the 

two-way and multi-factorial interactions between OA and four other environmental 

drivers (nitrate, phosphate, irradiance and temperature) at the conditions predicted for 

the year 2100 in the Chatham Rise area. Changes in gene expression were examined 

using the quantitative real time polymerase chain reaction (qRT-PCR) approach. Genes 

with functions related to calcification and inorganic carbon acquisition processes were 

selected as the focus of this study. The findings will help to explain the molecular 

mechanisms of the physiological responses to the interaction of multiple environmental 

drivers presented in Chapter 4, and thus provide a step forward towards a more 

comprehensive understanding of how the interaction of these important environmental 

drivers, together with OA, act in E. huxleyi calcification and inorganic carbon 

acquisition. 
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5.2 Materials and methods 

5.2.1 Experimental setup and procedures 

The samples for gene expression analysis in the present study were taken from 

the CO2 manipulation experiment presented in Chapter 2 and 3 and the two-way and 

multi-factorial manipulation experiment presented in Chapter 4. Both incubation 

experiments were carried out using semi-continuous approach in a walk-in growth 

chamber (Model 650, Contherm, New Zealand) with metal halide lamps (full spectrum) 

as light source from above. The seawater medium used for the incubation was made of 

0.2 µm filtered coastal seawater collected from Otago Harbour, with trace metal and 

vitamin stock solutions added to the final concentrations of10 times of dilution of the 

f/2 level (Guillard & Ryther, 1962). To begin the semi-continuous experiments, E. 

huxleyi cells during exponential growth phase were transferred into 500-mL 

polycarbonate bottles with screw caps and incubated under the corresponding 

environmental conditions. The initial cell abundances were diluted to ~104 cell mL-1 

and chlorophyll a (Chl-a) in vivo fluorescence readings were monitored daily in each 

incubation bottle as indicators of Chl-a biomass and cell growth. After 3 days of 

incubation under the experimental conditions, daily dilution of E. huxleyi cultures was 

performed using freshly-made seawater medium with the corresponding nutrient and 

CO2 concentrations to dilute the biomass to the abundance of the previous day. Cell 

abundance during the course of the incubation was maintained at less than 105 cell mL-1 

in order to minimise the influence of biological activity on seawater carbonate 

chemistry. 

Six pCO2 treatments were examined in triplicate for the CO2 manipulation 

experiment: 79, 150, 382, 568, 733 and 1080 ppm (see Chapters 2 and 3 for details). 

The semi-continuous incubation was conducted at 14°C and irradiance of 140 µmol 

photons m-2 s-1 with a light/dark cycle of 12 h/12 h. Nitrate and phosphate 

concentrations of the seawater medium for the incubation were adjusted to 96 µM and 6 
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µM, respectively. For the two-way factorial and multi-factorial manipulation 

experiment, the experimental conditions of nitrate concentration, phosphate 

concentration, irradiance, temperature and pCO2 for the six treatments examined (in 

triplicate) are presented in Table 4.1 (see Chapter 4), in order to examine the interactive 

effects of OA and other four environmental drivers on E. huxleyi physiology and 

functional gene expression. 

Seawater carbonate system adjustment was achieved by DIC manipulation. The 

seawater media for treatments were obtained by pre-bubbling the seawater medium 

using 10% CO2 in air (for pCO2 >380 ppm) or N2 (for pCO2 <380 ppm) (BOC gas, 

New Zealand) until the desired pH values were reached. Then constant bubbling of 

certified commercial CO2 and air gas mixtures (BOC gas, New Zealand) into the 

seawater media was started. CO2 concentrations in all the incubation bottles were also 

maintained by constant bubbling of the corresponding CO2 and air gas mixtures 

through TygonTM tubing connected to the gas in-flow ports of the polycarbonate bottles. 

The custom-made pH sampling ports were connected to an automated 

spectrophotometric pH measurement system (McGraw et al., 2010) to monitor the pH 

values of all the experimental treatments twice daily, before and after the daily dilution. 

The pH values kept relatively constant during the course of the incubations (see 

Chapters 2 and 4 for details). 

For each semi-continuous incubation, after the daily monitored growth rates of 

E. huxleyi in all the incubation bottles were relatively constant (daily variations <10%) 

for more than seven generations (Feng et al., 2008), the final sampling was performed. 

This yielded the total acclimation of the cultures to the experimental conditions for ~15 

to 20 days.  

5.2.2 Gene expression 

Subsamples of ~106 cells (~100 mL) from each of the experimental treatments 

were filtered onto 1 µm pore size polycarbonate filters. The filters were flash-frozen in 
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liquid nitrogen and stored at -80°C. Total RNA was then extracted from the filtered 

samples with Trizol plus RNA purification kit (Invitrogen, Auckland, NZ), according to 

manufacturer’s instructions. 1 mL of Trizol reagent was used for each sample 

extraction, and RNA was finally eluted into 30 µL RNase-free water after phase 

separation, binding and washing procedures. The extracted RNA solutions were stored 

at -80°C until further analysis. The RNA was visualized using RNA gel electrophoresis 

on 1.5 % agarose (w:v) gel and ethidium bromide staining, RNA quality was confirmed 

by presence of sharp ribosomal bands with no sign of degradation and RNA 

concentrations were measured using Nanodrop 1000 (Thermo Scientific, USA). The 

samples were then diluted to 100 ng µL-1 and DNase1 treated (Amplification grade, 

Invitrogen, Auckland, NZ). To confirm that there was no genomic DNA contamination, 

a standard polymerase chain reaction (PCR) was performed using the DNase 1-treated 

RNA as a template and observing no PCR products following agarose gel 

electrophoresis. DNase 1-treated RNA was reverse transcribed into cDNA using 

Superscript III and random primers (Invitrogen, Auckland, NZ). Reverse transcription 

(RT) samples, non-reverse transcription (no-RT) controls and no template controls were 

prepared at the same time. The cDNA samples were diluted 1 in 10 with RNase-free 

water and aliquots were kept under -20°C until further analysis. 

Transcript levels were determined from the measurements of SYBR green 

fluorescence accumulation using a real-time PCR detection system (CFB-3120, 

Bio-Rad, Hercules, CA) for 10 target genes. The possible cellular locations of these 

genes are illustrated in Fig. 5.1. Primers used for quantitative RT-PCR (qRT-PCR) 

were based on primers from previously published literature (Table 5.1). 2.5 µL of 

diluted cDNA samples were added with 7.5µL SYBR green master mix (SensiFAST 

SYBR No-ROX Kit, Bioline, New Zealand) containing 2 pmol of each primer for a 

total reaction volume of 10 µL. 

The following conditions were used for the PCR reactions: 10 min at 95°C and 

40 cycles of 30 s at 95°C and 30 s at 60°C in a 48-well reaction plate. The efficiency of 

each primer pair was calculated based on standard curves for each primer pair using a 
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series of dilutions of pooled cDNA samples and yielded efficiencies of 90-105% and R2 

values >0.98. Each treatment was run in technical triplicates and with no-RT controls 

and no template controls run in the same plate. Candidate reference genes were tested 

using the GEnorm function in the commercial software qBase+ (Biogazelle, Belgium) 

(Vandesompele et al., 2002) and the genes encoding Actin and RubisCO were selected 

as relatively stable. However, due to the function that RubisCO plays in the carbon 

acquisition process, only Actin was used as the reference gene for the calculations. The 

relative gene expression was calculated using a 2-�ΔCT method (Livak & Schmittgen, 

2001). The differences in cycle (CT) that crossed the threshold value (ΔCT) between 

the target genes and the reference gene were calculated as:  

�CT = CTTarget - CTReference                  (Eq. 5.1). 

The fold expression changes relative to the control were further calculated as: 

Relative expression = 2-ΔΔCT = 2-(ΔCTtreatment-ΔCTcontrol)  (Eq. 5.2). 

5.2.3 Statistical analysis 

Significant differences in the expression of each investigated gene of E. huxleyi 

were determined with one-way analysis of variance (ANOVA) using a commercial 

statistical software package (SigmaStat, Version 3.5; Jandel Scientific, San Rafael, CA, 

US). Differences between treatments were considered significant at p<0.05. Post-hoc 

comparisons were conducted using the Student-Neuman-Keuls (SNK) testto determine 

any the pair-wise differences.   
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Table 5.1. Target and endogenous reference gene information of Emiliania huxleyi strain 
NIWA1108 in the present study. F-forward primer sequence; R-reverse primer sequence. 

Gene Full name 

Protein ID (JGI) 

/Genbank accession 

number* 

Primer sequence 

5' �3' 

Amplicon

size (bp) 

 

Reference 

Actin Actin 

S64188.1*, S64189.1*, 

S64190.1*, S64191.1*, 

S64192.1*, S64193.1* 

F-GAC CGA CTG GAT GGT CAA G 
96 

(Mackinder et al., 

2011) R-GCC AGC TTC TCC TTG ATG TC 

αTUB �Tubulin Multiple copy 
F-GCA TCG CCG AGA TCT ACT C 

84 (Bach et al., 2013) 
R-TCG CCG ACG TAC CAG TG 

RubisCO 

Large subunit of enzyme 

ribulose-1,5-bisphosphate 

carboxylase/oxygenase 

RbcL, Plastid 

F-CAA TCG GTC ACC CAG ATG GTA 

100 (Bruhn et al., 2010) 
R-GCG ATA TAA TCA CGG CCT TCG 

AEL1 Anion exchanger like 1 99943 
F-TTC ACG CTC TTC CAG TTC TC 

102 
(Mackinder et al., 

2011) R-GAG GAA GGC GAT GAA GAA TG 

αCA Alpha -carbonic anhydrase 456048 
F-AGAGCAGAGCCCTATCAACA 

134 (Richier et al., 2011) 
R-TCGTCTCGAAGAGCTGGAA 

γCA 
Gamma-carbonic 

anhydrase 
432493 

F-TCT CCG CCT CAG TCA ACC 
106 

(Mackinder et al., 

2011) R-AAG TTG TCG ACT GTG CAA CC 

δCA � Carbonic anhydrase 469462 
F-ACG AGC ACG AGA TGT TCA AG 

87 (Bach et al., 2013) 
R-TCT CGC CAA CCA TCA TCT C 

CAM Calmodulin Multiple copies 
F-ATCGACTTCCCCGAGTTCT 

151 (Richier et al., 2009) 
R-CGAGGTTGGTCATGATGTG 

GPA 
Glutamic acid, proline, 

alanine rich protein 
431830 

F-AGG CCT TCT CCA GCA TCA T 
70 (Richier et al., 2009) 

R-GTT CAG CGT GCT CTC CGA G 

CAX3 Ca2+/H+exchanger 3 416800 
F-CTC CTC TGC GTC TTT GCA T 

90 
(Mackinder et al., 

2011) R-GAG GGC GGT GAT GAG GTA 

PAPT 
Plasma membrane type 

H+pump 
67081 

F-GAG CAC AAG TTC CTC ATC GTC 
105 (Bach et al., 2013) 

R-CAC GTC GGC CTT CTT GAG 

NhaA Na+/H+exchanger 2 447659 
F-CTC GTC TGC TAT GGC ATC TC 

80 (Bach et al., 2013) 
R-GTT GCT CGC GTC CAT TC 

Asterisk denotes GenBank accession number. Corresponding JGI protein ID for each gene belongs to Emiliania 

huxleyi CCMP1516 main genome assembly v1.0.  
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Fig. 5.1. Conceptual model of the possible cellular locations of the proteins encoded by the 
investigated genes of Emiliania huxleyi as described in Mackinder et al. (2010; 2011) and Richier et 
al. (2009), and summarised by Bach et al. (2013), and the roles they play in photosynthesis and/or 
calcification. RubisCO– predicted and experimentally proven to be located in the chloroplast. 
Internal carbonic anhydrase, �CA– predicted location in the nucleus and cytosol, and �CA- 
predicted mitochondrium location. External carbonic anhydrase, �CA– predicted and 
experimentally proven location at the plasma membrane. Calcium binding proteins, CAM and GPA 
– possible location at coccolith vesicle. Ion exchangers and proton pump: CAX3 – predicted location 
is the cytosol; PAPT – predicted location at the plasma membrane; NhaA– experimental proven 
location at the plasma membrane; and AEL1 – predicted and experimentally proven location at the 
plasma membrane. CO2 may diffuse into the cell and be used directly as substrate for photosynthesis 
at the site of RubisCO. In addition, HCO3

- in the seawater medium is transported by anion 
transporters through the plasma membrane, and then is utilised by calcification inside the coccolith 
vesicle or transformed into CO2 by CA activities (Mackinder et al., 2011; Bach et al., 2013). Ca2+ 
may enter the cell through the Ca2+ permeable channels (Mackinder et al., 2010). M – 
mitochondrium; G – golgi body.    
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Table 5.2. Response of investigated Emiliania huxleyi functional gene expression to pCO2 
manipulations and interactive effects of ocean acidification and other four environmental drivers 
(phosphate, nitrate, irradiance and temperature) in the present study. 

Category Gene 

Response to 
pCO2 

manipulations 

Response to multiplicative effects 

Two-way factorial manipulations 
Multi-factorial 
manipulation 

Low 
pCO2 

High 
pCO2 

CO2-N CO2-P CO2+I CO2+T Multiple 

RubisCO RubisCO --- --- ��  ��  ��  ��  ���  

HCO3
- transporter AEL1 --- --- � ��  ��  ��  ���  

Carbonic anhydrase 

�CA � � � � � � � 

�CA � --- --- --- --- --- --- 

�CA � � ��  ��  ��  ��  ���  

Calcium binding 
protein 

CAM � � ��  --- � � ���  

GPA � ---� --- --- � � ��� 

H+-transport related 
genes 

CAX3 --- � � ��  � ��  ���  

PAPT � � ��  ��  ��  �  ���  

NhaA � � ��  ��  ��  ��  ��  

Downward arrows (↓) indicate down-regulation and upward arrows (↑) indicate up-regulation of 
gene expression relative to 380ppm treatment for pCO2 manipulations and “control” treatment for 
two-way/multi-factorial manipulations. Dashed lines “---” indicate non-significant changes. 
Double arrows represent significantly more down-regulated/up-regulated gene expression by 
two-way interaction of rising pCO2 together with changes in other environmental drivers compared 
to pCO2 effect (rising from 380 ppm to 733 ppm) alone. Triple arrows indicate a significantly more 
down-regulation/up-regulation of the investigated genes by multi-factorial manipulation than any of 
the two-way factorial effects, and thus yielding the largest fold change among all the treatments.  
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5.3 Results 

The qRT-PCR technique measured the mRNA abundances/transcript 

abundances, but not directly the regulation of genes. Therefore, in the present study, the 

up-regulation/down-regulation of genes all indicate the increase/decrease in mRNA 

abundance or altered transcript levels.  

5.3.1 Transcription level response of selected genes from Emiliania huxleyi to 

changes in pCO2 

The relative expression levels of the investigated genes in the CO2 manipulation 

experiment were normalized to Actin transcript levels and calculated as the fold change 

relative to the 382 ppm pCO2 treatment (Fig. 5.2, 5.3 and 5.4). Therefore, the relative 

expression of all the investigated genes at 382 ppm pCO2 was set to 1. 

The relative expression of the gene encoding RubisCO (RubisCO large subunit) 

was slightly increased at the lowest pCO2 level of 79 ppm; however, this change was 

not statistically significant (p>0.05, Fig. 5.2a). The relative expression of the HCO3
- 

transporter AEL1 (anion exchanger like 1, belonging to the solute carrier 4 (SLC4) 

family) had a similar trend to RubisoCO in response to pCO2 changes, with slightly but 

non-significant up-regulation at 79 ppm pCO2 (Fig. 5.2b). However, at 150 ppm pCO2, 

genes encoding both RubisCO and AEL1 were down-regulated (p<0.05). Two of the 

three selected CA encoding genes (�CA and �CA) showed significantly decreased 

transcript abundance at high pCO2 of 733 and 1080 ppm (p<0.05, Fig. 5.2c and 5.2e). 

The gene encoding �CA was also significantly down-regulated at the two lowest 

pCO2 treatments of 79 ppm and 150 ppm (p<0.05, Fig. 5.2c). In contrast, the relative 

expression of the �CA gene was slightly (1.25-fold) higher at 79 ppm pCO2 (p<0.05); 

whereas there was no significant difference of �CA mRNA abundance across the 

three pCO2 treatments of 150, 382 and 568 ppm (Fig. 5.2e). The �CA mRNA 

abundance was slightly (1.16-fold) up-regulated at 79 ppm pCO2 and down-regulated to 

0.64-fold at 150 ppm pCO2 (p<0.05). There was no significant change in �CA relative 
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transcript levels in response to rising pCO2 from 382 to 1080 ppm (Fig. 5.2d).  

 

 

Fig. 5.2. Relative expression (fold change relative to the 382 ppm pCO2 treatment) of target 
Emiliania huxleyi genes related to inorganic carbon acquisition and photosynthesis in the CO2 
manipulation experiment: a) RubisCO; b) AEL1; c) �CA; d) �CA; and e) �CA in response to 
changes in pCO2. The dashed lines represent the position of the relative expression of 1 in each 
panel. Error bars represent standard deviation (n=3). 
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Both of the investigated genes encoding proteins involved in calcium binding 

(CAM and GPA) showed significant increase in transcript abundance at the lowest 

pCO2 (79 ppm) (p<0.05, Fig. 5.3). With rising pCO2, the relative expression of CAM 

mRNA was significantly decreased in the three treatments of 568, 733 and 1080 ppm 

(p<0.05, Fig. 5.3a). However, gene GPA only exhibited decreased transcript level at the 

highest pCO2 of 1080 ppm, and there was no significant difference in relative 

abundance of GPA mRNA across the four intermediate pCO2 treatments from 150 to 

733 ppm (Fig. 5.3b). 

 

Fig. 5.3. Relative expression (fold change relative to the 382 ppm pCO2 treatment) of target 
Emiliania huxleyi genes related to calcium binding in the CO2 manipulation experiment: a) CAM; 
and b) GPA in response to changes in pCO2. The dashed lines represent the position of the relative 
expression of 1 in each panel. Error bars represent standard deviations (n=3).    
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All three of the investigated genes encoding proteins involved in H+-transport 

(CAX3, PAPT and NhaA) exhibited significant decrease in transcript levels at the 

highest pCO2 of 1080 ppm (p<0.05, Fig. 5.4). In addition, the relative expression of 

gene PAPT also significantly decreased at 733 ppm pCO2, while significantly increased 

at low pCO2 of 79 ppm and 150 ppm. Especially at 79 ppm pCO2, there was a 3.50-fold 

increase in the relative expression of gene PAPT (p<0.05, Fig. 5.4b). Similarly, the 

relative abundance of mRNA of gene encoding NhaA significantly increased (1.27-fold) 

at lowest pCO2 of 79 ppm (Fig. 5.4c). 
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Fig. 5.4. Relative expression (fold change relative to the 382 ppm pCO2 treatment) of the 
investigated H+-transport related genes of Emiliania huxleyi in the CO2 manipulation experiment: a) 
CAX3; b) PAPT; and c) NhaA in response to changes in pCO2. The dashed lines represent the 
position of the relative expression of 1 in each panel. Error bars represent standard deviations (n=3). 
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5.3.2 Transcription level response of selected genes from Emiliania huxleyi to 

two-way and multi-factorial interplay of OA and other environmental drivers 

The relative expression of the investigated genes of E. huxleyi in the CO2 

manipulation experiment was calculated as the fold change relative to the “control” 

treatment (Fig. 5.5, 5.6 and 5.7). The relative expression of gene encoding RubisCO 

(RubisCO large subunit) significantly decreased in all the two-way manipulation 

treatments, with fold-changes ranging from 0.42-fold at “CO2-P” to 0.12-fold at 

“CO2+T” (Fig. 5.5a and Table 5.2). There was a further decrease in (0.01-fold) the 

relative expression of gene RubisCO in the “multiple” treatment, yielding the largest 

fold change across all the treatments (Table 5.2). Similarly, the relative expression of 

gene encoding AEL1 significantly decreased in the two-way factorial manipulation 

treatments (fold-change ranging from 0.81-fold at “CO2-N” to 0.27 at “CO2+T”). The 

most dramatic decrease in gene AEL1 transcript levels was also observed in the 

“multiple” treatment with 0.07-fold change (Fig. 5.5b and Table 5.2). All the two-way 

factorial manipulations caused further decrease in the relative expression of gene �CA 

compared to rising pCO2 from 382 to 733 ppm alone (Fig. 5.5e vs. 5.2e; hereafter the 

term OA is used to refer to raising pCO2 from 382 to 733 ppm as it mimics the future 

marine environmental change); and multi-factorial manipulation resulted in the largest 

change (0.01-fold) in the relative expression of gene �CA across all the treatments 

(Table 5.2). On the contrary, gene encoding �CA exhibited increased transcript level 

(1.43-fold) in the “CO2-N” treatment, but decreased transcript levels in the “CO2-P”, 

“CO2+I”, “CO2+T” and “multiple” treatments, with fold-changes of 0.21, 0.23, 0.85 

and 0.26-fold, respectively (p<0.05, Fig. 5.5c). Compared to the response to OA alone 

(Fig. 5.2c), the two-way or multi-factorial manipulations did not result in further 

decrease in the relative expression of gene encoding �CA (Table 5.2). There was no 

significant change in the relative expression of gene �CA across all the two-way and 

multi-factorial treatments (Fig. 5.5d). 
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Fig. 5.5. Relative expression (fold change relative to “control” treatment: present day condition in 
the Chatham Rise area, New Zealand) of target Emiliania huxleyi genes related to inorganic carbon 
acquisition and photosynthesis in the multi-factorial experiment: b) AEL1; c) �CA; d) �CA; and 
e) �CA in response to the two-way and multi-factorial effects of OA and the other four 
environmental drivers (nitrate, phosphate, irradiance and temperature). The dashed lines represent 
the position of the relative expression of 1 in each panel. Error bars represent standard deviations 
(n=3).    
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The two genes encoding proteins involved in calcium-binding (CAM and GPA) 

of E. huxleyi both exhibited significantly increased transcript levels in the “CO2+I”, 

“CO2+T” and “CO2+T” treatments, and the relative expression of both genes further 

increased in the “multiple” treatment (Fig. 5.6), although OA alone slightly decreased 

the transcript level of gene CAM while had no significant effect on the transcript level 

of GPA (Fig. 5.3). Especially for the gene encoding GPA, the relative fold-change even 

reached as high as 83.6-fold by multi-factorial regulation (Fig. 5.6b). The gene 

encoding CAM only showed decrease in relative expression in the “CO2-N” treatment 

with 0.69-fold change (Fig. 5.6a). 
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Fig. 5.6. Relative expression (fold change relative to “control” treatment: present day condition in 
the Chatham Rise area, New Zealand) of target Emiliania huxleyi genes related to calcium binding 
in the multi-factorial experiment: a) CAM and b) GPA in response to the two-way and 
multi-factorial effects of OA and the other four environmental drivers (nitrate, phosphate, irradiance 
and temperature). The dashed lines represent the position of the relative expression of 1 in each 
panel. Error bars represent standard deviations (n=3). 
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The investigated genes encoding proteins involved in H+-transport (CAX3, 

PAPT and NhaA) of E. huxleyi were all significantly down-regulated by two-way and 

multi-factorial manipulations (p<0.05, Fig. 5.7). Among the two-way factorial 

treatments, the relative expression of gene CAX3 was lowest (0.38-fold) in the“CO2+T” 

treatment. Further decreased transcript level of CAX3 to 0.08-fold was observed in the 

“multiple” treatment, thus resulting in the largest change in relative expression (p<0.05, 

Fig. 5.7a and Table 5.2). Two-way factorial manipulation further decreased the relative 

expression of gene PAPT compared to OA alone, except for the treatment of “CO2+T” 

(Fig. 5.7b vs. Fig. 5.4b, Table 5.2). Similar to the gene CAX3, the most substantial 

decrease (0.07-fold) in the relative expression of PAPT was also resulted from the 

multi-factorial manipulation (p<0.05, Table 5.2). However, there was no further 

decrease in the transcript level of gene NhaA in the “multiple” treatment, with relative 

gene expression (0.28-fold) in this treatment similar to that of “CO2+I” treatment (Fig. 

5.7c). 
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Fig. 5.7. Relative expression (fold change relative to “control” treatment: present day condition in 
the Chatham Rise area, New Zealand) of investigated H+-transport related genes of Emiliania 
huxleyi in the multi-factorial experiment: a) CAX3; b) PAPT; and c) NhaA; in response to the 
two-way and multi-factorial effects of OA and the other four environmental drivers (nitrate, 
phosphate, irradiance and temperature). The dashed lines represent the position of the relative 
expression of 1 in each panel. Error bars represent standard deviations (n=3).      
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5.4 Discussion 

The transcriptional data in the present study help to better understand the 

molecular basis of the physiological response of E. huxleyi to changes in pCO2 and 

multi-factorial manipulations discussed in previous chapters. Here, significant 

regulation of genes related to inorganic carbon acquisition, photosynthesis and 

calcification in E. huxleyi were observed. These results provide the possibility to 

unravel the effects of both OA alone and the interplay between OA and other 

environmental drivers on the cellular pathways in the important physiological processes 

of photosynthesis and calcification. Although the qRT-PCR approach used in the 

present study does not directly measure the protein abundance or activity, and changes 

in transcript levels are not always reflected in changes in proteins, some previous 

studies suggest that this approach might give important information on cellular demand 

for specific proteins (Bach et al., 2013; Mackinder et al., 2011). In the present study, 

transcript levels have been used to investigate responses of E. huxleyi cellular processes 

to environmental changes. 

5.4.1 CO2 regulation of carbon concentrating mechanism (CCM) in Emiliania 

huxleyi on the molecular level 

The present study provides some evidence for the presence of a CCM in E. 

huxleyi cells and the regulation of E. huxleyi CCM by pCO2, in support of the 

physiological findings in Chapter 2 that the growth of E. huxleyi was able to acclimate 

to the decreased pCO2. The enzyme RubisCO, which is responsible for phytoplankton 

photosynthetic carbon fixation, requires CO2 as inorganic carbon substrate for carbon 

fixation, but has a poor affinity of binding CO2 due to its oxygenase activity (Badger et 

al., 1998). Therefore, the operation of CCM prevents the inhibition of photosynthetic 

activity by oxygen and reduces photorespiration carbon loss, especially at low 

dissolved inorganic carbon (DIC) concentrations (Shelp & Canvin, 1980; Raven & 

Johnston, 1991). The CCM in E. huxleyi may involve transporting and utilising HCO3
- 
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as it is the most abundant DIC form in the seawater medium (Nimer & Merrett, 1992). 

In addition, the activity of external and internal CAs is another essential component in 

E. huxleyi CCM by dehydrating HCO3
- into CO2 and thus elevating the CO2 

concentration around the enzyme RubisCO (Nimer et al., 1994b). In the present study, 

compared to 382 ppm pCO2, �CA, an external CA located at plasma membrane (Soto 

et al., 2006), was significantly up-regulated at the lowest pCO2 of 79 ppm, at which the 

growth of E. huxleyi was limited by low pCO2 (with growth rate lower than the 

CO2-saturated growth rate, see Chapter 2); and both �CA and �CA showed 

significant down-regulation at high pCO2 levels. Furthermore, both RubisCO and the 

HCO3
- transporter AEL1 were slightly up-regulated at 79 ppm. These transcriptional 

responses indicate an up-regulated CCM of the studied southern hemisphere strain E. 

huxleyi in response to low DIC concentration, although the affinity of E. huxleyi CCM 

may be lower than other phytoplankton groups, such as diatoms (Rost et al., 2003).  

These results from the present study are in accordance with a gene expression 

study on a North Sea E. huxleyi strain PML B92/11 (Bach et al., 2013), which reported 

up-regulation of these DIC-transport related genes at [HCO3
-] lower than 800 µmol kg-1 

or [CO2] lower than 7.5 µmol kg-1. Bach et al. (2013) did not observe further decreased 

expression of these inorganic carbon acquisition related genes when CO2 concentration 

was higher than 7.5 µmol kg-1. However, in the present study, the �CA, an external 

CA, was even further repressed at the highest pCO2 of 1080 ppm ([CO2]~40 µmol kg-1), 

which might be attributed to the strain specificity (Langer et al., 2009) or the different 

manipulation method used in the two studies. In the present study, both CO2 and pH 

were changed at the same time by bubbling CO2 and gas mixture into the medium to 

mimic the marine environmental changes, whereas Bach et al. (2013) manipulated CO2 

concentration at constant pH in order to distinguish between the impacts of CO2 and pH 

on E. huxleyi physiology. 

The relative expression of an internal CA, �CA, kept relatively constant within 

the examined pCO2 range in the present study, consistent with previous studies by Bach 

et al. (2013) and Soto et al. (2006). Soto et al. (2006) also observed significantly 
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up-regulated �CA of E. huxleyi strain CCMP 2090 under darkness and suggested a 

potential role of �CA in respiration, rather than photosynthesis or calcification. This 

explanation might be the case in the present study, as the sampling was conducted 

during light period, thus the expression of �CA was not affected by environmental 

manipulations. 

The H+ transportation is also an important factor in CCM of eukaryotic 

phytoplankton (Raven, 1997; Reinfelder, 2011), regulating the intracellular pH gradient 

and membrane potential in order to maintain the balance between CO2 and HCO3
- 

transformation (Bach et al., 2013). In the present study, the 3.5-fold up-regulation of 

plasma membrane H+ pump (PAPT) at low pCO2 indicates an increased demand of H+ 

transporters to regulate the cellular pH homeostasis when low DIC concentration limits 

the growth and photosynthesis of E. huxleyi. This increased expression of PAPT might 

help to increase the intracellular pH to promote the transformation of the cellular DIC 

pool to HCO3
- (Bach et al., 2013). The increased cellular HCO3

- concentration would in 

turn reduce DIC loss through the plasma membrane, as HCO3
- has a much less 

permeability to cellular membranes than CO2 diffusion (Moroney et al., 2011). On the 

other hand, the increased expression of internal H+ transporter NhaA might serve the 

function of promoting the dehydration of HCO3
- into CO2 at the site of RubisCO in 

order to prevent the CO2 limitation on photosynthesis (Raven, 1997; Reinfelder, 2011). 

Furthermore, with the increasing CO2 concentration in the seawater medium, the CO2 

diffusing into the cell could saturate the demand of photosynthesis and thus the 

H+-transport related genes would be down-regulated reduced as suggested by Bach et al. 

(2013). Similar to �CA, the expression all the three H+ transporters (CAX3, PAPT and 

NhaA) in the present study was decreased with rising pCO2, especially at the 1080 ppm, 

as photosynthesis was saturated at pCO2 > 150ppm (see Chapter 2) and thus the cellular 

demand of maintaining the HCO3
- is decreased. 

5.4.2 CO2 regulation of calcification in Emiliania huxleyi at the molecular level 

The response of the functional gene expression to change in pCO2 presented 
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here also has implications in the cellular regulation of E. huxleyi calcification. 

Calcification in coccolithophores occurs intracellularly in the coccolith vesicle with 

HCO3
- as the inorganic carbon source (Paasche, 2002) and may involve proteins 

functional in HCO3
-, H+ and Ca2+ transport and Ca2+ binding (Quinn et al., 2006; 

Mackinder et al., 2011). In line with the trend of a decrease in calcification: 

photosynthesis ratio of E. huxleyi when pCO2 increased from 79 to 1080 ppm (Chapter 

2), the relative expression of the two examined calcium binding genes (CAM and GPA) 

decreased with rising pCO2 in the present study. In addition, here all the H+-transporters 

(CAX3, PAPT and NhaA) were significantly down-regulated at high pCO2, consistent 

with the decreased calcification rate observed in Chapter 2. Previous studies suggest 

that the expression of H+ transporters in cyanobacteria (such as gene encoding Na+/H+ 

antiporters) are regulated by pH values in the medium, exhibiting down-regulation with 

decreasing in pH (Price et al., 2008). Accordingly, in the present study, the decrease in 

pH from 8.5 to 7.6 (from 79 ppm to 1080 ppm pCO2, see Table 2.2) also decreased the 

transcript levels of the three investigated genes encoding proteins involved in H+ 

transport. In contrast, the expression of HCO3
- transporter AEL1 showed no significant 

change within the pCO2 range from 382 to 1080 ppm in the present study. This finding 

of down-regulation of H+ transporters/pump but unaffected HCO3
- transporter indicates 

that the reduced calcification: photosynthesis ratio of E. huxleyi with increasing pCO2 

may be attributed to the impaired cellular pH homeostasis by acidification, in spite of 

the increasing availability of the inorganic carbon source (HCO3
-) for calcification. 

Furthermore, it has been hypothesised that the ion transporters of E. huxleyi, 

such as AEL1, have dual functions in both CCM and calcification, and mainly invest on 

HCO3
- transport for photosynthesis rather than calcification at low DIC; as such, low 

DIC concentration would induce up-regulation of these genes (Bach et al., 2013). 

Interestingly, in the present study, three of these transporters showed an according trend 

with Bach et al., (2013) except that the expression of Ca2+/H+ exchanger CAX3 was not 

up-regulated at low pCO2. Therefore, in the present study, the gene CAX3 is speculated 

to only function in the calcification process. 
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5.4.3 Molecular regulation of CCM and calcification by multiple environmental 

drivers 

The transcriptional results from the multi-factorial manipulation experiment 

imply interactive effects between OA and the other four environmental drivers (nitrate, 

phosphate, irradiance and temperature) on the gene expression of E. huxleyi. Here most 

of the investigated genes were regulated by the two-way interaction between OA and a 

change in another environmental driver, rather than OA effects alone. Much larger 

changes in the relative expression of most of the investigated genes were observed 

when all five environmental drivers were manipulated according to the predicted future 

conditions (Fig. 5.2). The finding of changes in transcript levels of genes related with 

photosynthesis and calcification support the dramatic changes in E. huxleyi 

photosynthetic and calcification rates caused by multi-factorial manipulation seen in 

Chapter 4. 

In the present study, among the investigated photosynthesis-related genes, 

RubisCO and �CA were both down-regulated most when multiple environmental 

drivers were manipulated, coinciding with the lowest photosynthetic rate observed in 

the “multiple” treatment (see Fig. 4.2a, Chapter 4). RubisCO, especially, was 

significantly down-regulated by all the two-way and multi-factorial manipulations 

although OA alone only had little effect on its relative expression. This indicates the 

potential importance of the regulation of other environmental drivers on this 

carboxylating enzyme, as suggested by previous studies that RubisCO content in 

marine phytoplankton might be regulated by light (MacIntyre & Geider, 1996) and 

nutrient availability (Losh et al., 2013). However, it is noteworthy that there is no direct 

link between down-regulation of RubsiCO and photosynthetic carbon production. 

Increasing CO2 concentration at the site of this enzyme might also increase its 

carboxylation efficiency even with reduced enzyme units (Lohbeck et al., 2014); 

therefore, in the present study, the photosynthetic rate was not altered in the three 

treatments of “CO2-P”, “CO2+I” and “CO2+T” in spite of the decreased relative 



161 

expression of RubisCO compared to “control”. 

Here the relative expression of all the calcification-related ion transporters 

(AEL1, CAX3, PAPT and NhaA) was suppressed most in the “multiple” treatment, in 

line with the most substantial decrease in calcification rate in the multi-factorial 

manipulation (Fig. 4.2b, Chapter 4). This further down-regulation of these ion 

transporters implies that the pH homeostasis of E. huxleyi may be further impaired 

when the cells are subjected to future changes in multiple environmental drivers. 

Nevertheless, the relative expression of calcium-binding genes CAM and GPA were 

altered in the multi-factorial manipulation in the opposite way, with significant 

increased transcript levels in the “CO2+I”, “CO2+T” and “multiple” treatments. This 

response is possibly due to the energy relocation to Ca2+ binding proteins at higher 

irradiance/temperature when pCO2 was increased at the same time. For example, 

Richier et al. (2009) observed strong up-regulation of these two genes by light when 

comparing the genetic regulation between non-calcifying and calcifying life stages of E. 

huxleyi. However, in the present study, the calcification rate of E. huxleyi in the 

treatments of “CO2+I”, “CO2+T” and “multiple” did not increase with up-regulation of 

CAM and GPA, but even greatly decreased in the “multiple” treatment in contrast to the 

largest scale in GPA up-regulation. This mismatch indicates that calcium binding may 

play a less important role in the cellular regulating of calcification compared to the ion 

transporters, when calcium did not limit calcification in the present study. 

In summary, the present study provided new evidence of cellular regulation of 

CCM, photosynthesis and calcification in E. huxleyi by changes in pCO2 and, to my 

knowledge, is the first to study the response of E. huxleyi to the interplay between OA 

and multiple environmental drivers at the gene expression level. These results help to 

disentangle the underlying cellular and molecular mechanisms of E. huxleyi’s 

physiological response to predicted future environmental changes. However, this 

experimental design only allows us to examine the overall genetic response to two-way 

and multi-factorial manipulations; the understanding of how other environmental 

drivers, such as nutrients, irradiance and temperature, may individually regulate these 
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cellular and molecular processes in E. huxleyi is still limited. In addition, the location 

and function of some genes that may be important components in E. huxleyi physiology 

are yet unclear (Wahlund, 2005; von Dassow et al., 2009; Rokitta & Rost, 2012; 

Benner et al., 2013). Thus future research is needed to solve these unknown factors, 

discussed in Chapter 6.    
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Chapter 6.  General discussion 

6.1 Main findings 

To my knowledge, the present study is the first to examine the physiological 

responses of an ecologically important coccolithophore species, Emiliania huxleyi, to 

changes in multiple environmental drivers. The overall objectives of the thesis were to 

examine and rank the importance of five major environmental drivers (nitrate 

concentration, phosphate concentration, irradiance, temperature and CO2) on the 

physiology of a southern hemisphere Emiliania huxleyi strain (a recent isolate (2008) 

from the Chatham Rise area, New Zealand), and to further determine how E. huxleyi 

physiology responds to the two-way factorial interplay between future ocean 

acidification (OA) and other four environmental drivers and simultaneous changes in 

multiple environmental drivers according to the projected conditions for the year 2100.  

The research presented in Chapter 2 mainly reveals that under projected 

conditions for the year 2100, a change in nitrate concentration is the most important 

environmental driver controlling the growth, photosynthetic and calcification rates of E. 

huxleyi among all the five environmental drivers; and rising pCO2 changed the 

calcification: photosynthesis ratio the most. Chapter 3 demonstrated that among the 

predicted future (year 2100) environmental changes, warming is the major driver 

controlling both cellular particulate organic carbon (POC) and particulate inorganic 

carbon (PIC) content of E. huxleyi; rising pCO2 plays the most important role 

controlling cellular PIC:POC ratio; and nutrient concentrations are the most important 

drivers regulating the cellular particulate nitrogen (PON) and cellular particulate 

phosphorus (POP) of E. huxleyi. 

In addition, detailed dose-response curves were generated to provide baseline 

information of the physiological changes that resulted from changes in each individual 

environmental driver in Chapters 2 and 3. The response norms of how each 

physiological parameter responded to each environmental driver within the examined 
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range in the present study are summarised in Fig. 6.1. The alteration of each 

environmental driver for the semi-continuous incubation experiments in Chapters 2 and 

3 covered a broad range of both the average conditions in the natural marine 

environment and the commonly used levels for general laboratory incubations. 

Although the models used for the fittings of the dose-response curves have their 

limitations (as discussed in Chapters 2 and 3), the fitted curves help to understand the 

general trend of how the examined physiological metrics of E. huxleyi strain NIWA 

1108 respond to the changes in the five environmental drivers individually within these 

broad ranges. These results provide valuable diagnostic information that helps to 

explain how these environmental drivers affect E. huxleyi physiology and further helps 

to explain the interactive effects of multiple environmental drivers. 
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Fig. 6.1. Conceptual model of environmental controls on Emiliania huxleyi physiology: a summary 
of how change in each environmental driver (nitrate, phosphate, irradiance, temperature and CO2) 
will regulate the examined physiological metrics. The box denotes the E. huxleyi cell. Different 
arrow types indicate the different regulation norms as illustrated in the three squares below the 
figure. Each colour represents a specific environmental driver. Arrows in bold indicate the 
environmental drivers that play the most important role regulating the connected physiological 
metrics under the predicted environmental conditions for the year 2100. 
QN: cellular nitrogen content; QP: cellular phosphorus content; QPOC: cellular POC content; QPIC: 
cellular PIC content; �Ca: calcite saturation state in the seawater medium. The thin black lines 
indicate that rising pCO2 increases seawater [H+], and further changes the seawater calcite saturation 
state. The PIC:POC ratio has implications in the marine rain ratio of carbon export into the deep 
layers. 
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Chapter 4 reveals the two-way and multi-factorial effects of OA and the other 

four environmental drivers on E. huxleyi physiology under environmentally relevant 

conditions projected for the year 2100 in the Chatham Rise area (summarised in Fig. 

6.2). Interaction of OA and a 33% decrease in nitrate concentration had the greatest 

synergistic negative effects on most of the E. huxleyi physiological metrics among all 

the two-way factorial manipulations. Interestingly, there was a match between the 

two-way factorial effects and the single environmental driver effects: the 33% decrease 

in nitrate concentration decreased E. huxleyi growth, photosynthetic and calcification 

rates and cellular PON the most among all the environmental drivers, as presented in 

Chapters 2 and 3. Furthermore, the simultaneous manipulation of all the five 

environmental drivers to the projected future (year 2100) conditions had the most 

prominent negative effects on the above E. huxleyi physiological metrics, indicating a 

significant synergism from the cumulative effects of multiple environmental drivers. 
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Fig. 6.2. Summary of two-way (ocean acidification plus either phosphate, nitrate, irradiance or 
temperature, illustrated on the left hand side of the figure) and multi-factorial (illustrated in the 
pentagon on the right had side of the figure) interactive effects between ocean acidification and 
other environmental drivers on Emiliania huxleyi growth, photosynthesis, calcification and 
calcification: photosynthesis ratio. Thick arrows indicate statistically significant effects (one way 
ANOVA). Thin arrows indicate statistically non-significant but with all triplicate calculated effects 
fall in the same direction and same category of multiplicative effects (see Table 4.3 and 4.4 for 
details). 
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Chapter 5 further links the physiological response of E. huxleyi with the 

regulation of metabolic pathways at the molecular level, and disentangles the effects of 

CO2 and the interplay between OA and multiple environmental drivers on the 

functional genes associated with inorganic carbon acquisition and calcification. The 

changes in carbonic anhydrase (CA) and inorganic carbon transport related gene 

expression suggested a regulated carbon concentrating mechanism (CCM) by changing 

pCO2 in E. huxleyi. The consistency between the down-regulated H+-transport related 

genes and decreased calcification at high pCO2 implies impaired pH homeostasis by 

acidification might be the major cause of decreased calcification of E. huxleyi by rising 

pCO2. Furthermore, the substantial down-regulation of most of the investigated genes 

associated with inorganic carbon acquisition and calcification by multi-factorial 

manipulation of all the five environmental drivers suggest a link between significant 

suppression of functional genes and the most decreased physiological rate processes 

(growth, photosynthetic and calcification rates). 

Overall, the thesis reveals that other environmental drivers may play more 

important roles than OA in regulating the physiological responses of E. huxleyi. In 

addition, the thesis also suggests that the interplay between OA and other drivers is 

likely to have antagonistic, additive or synergistic effects on different physiological 

metrics of E. huxleyi. Nonetheless, it is noteworthy that the research presented in the 

thesis is only based on a single strain of southern hemisphere E. huxleyi. As discussed 

earlier, due to the wide distribution of this species in the natural marine environment, E. 

huxleyi presents high variability in terms of genetic, morphological and physiological 

characteristcs (Chapter 1; Cook et al., 2011; Read et al., 2013; Young & Westbroek, 

1991; Young et al., 2014). Therefore, the physiology of different E. huxleyi strains 

isolated from different geographic locations might respond to the changes in 

environmental drivers differently. For example, six E. huxleyi strains isolated from the 

central Atlantic and coastal Northern Atlantic regions showed variable optimal 

temperatures and thermal reaction norms for growth rates (Zhang, et al., 2014). Within 

the context of OA research, the extensive previous studies suggested a strain-specificity 



169 

of E. huxleyi in response to changes in seawater carbonate chemistry (summarised in 

Table 1.1, Chapter 1). It has been also observed that different E. huxleyi 

ecotypes/morphotypes responded to OA differently (Müller et al., in press), which is 

likely a consequence of the genetic difference (Cook et al., 2011). However, studies 

also suggest that the physiology of the same strain might even show differential 

responses to change in seawater carbonate chemistry (for example, NZEH in Table 1.1), 

but the underlying mechanisms are still unclear. The thesis demonstrated the important 

roles of different environmental drivers in controlling E. huxleyi physiology. Therefore, 

the conditions of other environmental drivers are also likely to regulate the 

physiological response of E. huxleyi to OA. Although the studies were carried out only 

on a single strain, the thesis provides a comprehensive data set on a broad range of 

environmental drivers. Further work is required to determine if the findings of this 

study also apply to other strains. Nevertheless, the results presented in this thesis help 

to explain the cause of the differential responses reported for E. huxleyi to OA and thus 

help to direct future research. 

Based on these results, future related research on E. huxleyi response to ocean 

acidification and global climate change needs to consider the following aspects: First, 

for data reporting of future incubation experiments, in addition to seawater carbonate 

chemistry (Riebesell et al., 2010), it is necessary to report the conditions and the way of 

manipulation of all the environmental drivers carefully. It is also important to report the 

incubation methods (i.e. batch, semi-continuous and continuous; see Fig. 3.7 and 

LaRoche et al. (2010) for details), and how constant the conditions of different 

environmental drivers are maintained, and the environmental conditions at the sampling 

point. The present study demonstrated the importance of different environmental 

drivers on E. huxleyi physiology and its response to OA. As a result, more clarity in 

data reporting in the future research will help to make better comparisons between 

related studies and disentangle the mechanisms behind the differential responses of E. 

huxleyi physiological processes (especially calcification) to OA. 

Second, future manipulation experiments need to investigate the potential 
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interactive effects of concurrent changes in multiple environmental drivers in order to 

make more realistic and holistic predictions of how E. huxleyi will respond to the global 

climate change. Additionally, for the multi-factorial manipulation experiments, the 

magnitudes of changes in each environmental driver need to be designed cautiously. 

The predicted future changes in marine physical properties (such as sea surface 

temperature (SST) and mixed layer depth) may vary from one oceanic region to another 

(Boyd & Doney, 2002). Also, the range of alteration in the environmental drivers may 

decide the outcome of effects of environmental perturbation on the E. huxleyi 

physiology. For example, the irradiance/temperature/CO2-dependent optimum-response 

norms of calcification rate were demonstrated by the present study, and the optimum 

CO2 concentration for calcification may shift with temperature (Sett et al., 2014); thus 

the response of calcification to the changes in these environmental drivers are 

dependent on the positions of the environmental conditions lay on the response curves. 

Therefore, future experimental designs should have environmental relevance for 

specific E. huxleyi strains in order to make more accurate predictions. 

6.2 Future directions 

In addition to the five environmental drivers (nitrate, phosphate, irradiance, 

temperature and pCO2) investigated in the thesis, future research needs to examine the 

regulatory mechanisms of other environmental drivers on the E. huxleyi physiological 

processes, such as trace metal availability (e.g. Fe and Zn, Schulz et al., 2004). Iron is 

an essential element in redox enzymes of phytoplankton and its low concentrations 

limit the primary productivity in the high nitrate low chlorophyll (HNLC) regions in the 

world oceans (Martin, 1990; Boyd et al., 2007). It has been observed that a decrease in 

iron concentration largely decreased the growth rate and reduced inorganic carbon 

acquisition of E. huxleyi strain PML B92/11 (Schulz et al., 2004; 2007). Zn is required 

in protein synthesis involved in deoxyribonucleic acid (DNA) transcription; thus Zn 

limitation may suppress the cell division of phytoplankton (Müller et al., 2008; Raven 

& Crawfurd, 2012). The growth of a natural coccolithophore community has been 
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found to be limited by Zn availability in the northeastern subarctic Pacific (Crawford et 

al., 2003). In addition, Zn-limitation could induce increased cellular calcite content of E. 

huxleyi cells (Schulz et al., 2004). On the other hand, OA may influence the organic 

chelation of trace metals in the seawater medium; thus Shi et al. (2010) reported 

decreased Fe uptake rates by three diatoms while the cellular Fe requirement kept 

constant. However, a mesocosm CO2 manipulation study found an opposite trend of 

increase in dissolved Fe concentration with decreasing pH (Breitbarth et al., 2010). Due 

to the importance that trace metal availability may play in controlling E. huxleyi blooms 

in the natural environment (Poulton et al., 2010), future research should also investigate 

how the interplay between OA and trace metal (e.g. Fe and Zn) availability will affect E. 

huxleyi physiology. 

Future research should further explore the molecular mechanisms behind the 

physiological responses of E. huxleyi to environmental change. For example, it is 

crucial to better understand the locations of some genes that are potentially important in 

the inorganic carbon acquisition and calcification of E. huxleyi and their functions in 

different cellular pathways (Wahlund, 2005; von Dassow et al., 2009; Rokitta & Rost, 

2012; Benner et al., 2013). Furthermore, it is necessary to integrate the available 

multiple molecular techniques for a holistic understanding of the cell biology in 

Emiliania huxleyi, such as genomic (Read et al., 2013), transcriptomic (Mackinder et al., 

2011) and proteomic (Jones et al., 2013) techniques. The development and integration 

of these techniques will also help to disentangle the molecular mechanisms behind the 

contradictory responses to OA of different E. huxleyi ecotypes (Cook et al., 2011). 

The majority of available studies examining physiological responses to 

environmental changes are based on short-term acclimation incubations; however, our 

knowledge on the potential evolutionary adaptation of E. huxleyi to the future global 

climate change is still limited. Recent studies have made progress and observed 

partially restored growth and calcification rates of an E. huxleyi strain recently isolated 

from the Norwegian Fjord after adaption to rising pCO2 of more than 500 generations 

(Lohbeck et al., 2012). Lohbeck et al. (2014) further demonstrated that the 
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calcification-relevant gene expression of this E. huxleyi strain exhibited no more 

suppression at high pCO2 (1100 and 2000 ppm) after adaptation, in contrast to the 

down-regulation of these genes after short-term acclimation to high pCO2. These 

findings indicate the potential evolutionary capacity of E. huxleyi cellular processes in 

response to OA (Lohbeck et al., 2014). However, how E. huxleyi will adapt to changes 

in multiple environmental drivers in long-term is still unknown. As such, future 

research using experimental evolution approaches (Collins et al., 2014) are needed to 

compare acclimation and adaption responses of E. huxleyi to multiple environmental 

drivers, and explore the adaptive capacity of E. huxleyi to future environmental 

changes.  

In light of the available intensive studies on E. huxleyi, future research should 

integrate the multi-disciplinary research approaches and efforts on E. huxleyi cell 

biology, physiology and ecology to understand the bigger picture of the importance of 

E. huxleyi in the marine ecosystem and carbon cycle under the context of global climate 

change. These approaches should include, but not be limited to: laboratory 

perturbation/manipulation (e.g. the studies in this thesis); mesocosm or on-board 

incubation of natural populations (Riebesell et al., 2008b); studies on the controlling 

environmental factors on the natural population distribution and calcification properties 

from both in situ investigation on the living coccolithophore communities (e.g. Poulton 

et al., 2014; Winter et al., 2014) and the examination of sediment samples using 

paleo-oceanographic record (e.g. Horigome et al., 2014); genomic, transcriptomic and 

proteomic studies (as discussed earlier); and the related modeling studies on both an 

organism level (e.g. Muller & Nisbet, 2014) and global level (e.g. Boyd & Doney, 

2002). 

6.3 Concluding remarks 

The thesis presents a series of step-wise studies on the controls of five 

environmental drivers (nitrate, phosphate, irradiance, temperature and CO2) on the 

physiology of a southern hemisphere E. huxleyi strain. The approaches applied in the 
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study not only allow the ranking the importance of each individual environmental 

driver on the major physiological metrics of E. huxleyi, but also provide information of 

the interactive effects between OA and four other environmental drivers on E. huxleyi 

physiology under the global change scenario predicted for the end of this century. 

Moreover, the gene expression data unravel the possible underlying cellular and 

molecular mechanisms of the physiological response of E. huxleyi to changes in pCO2 

and the interplay between OA and other environmental drivers. The results presented in 

the thesis help to fill our knowledge gap for a more comprehensive understanding of 

how E. huxleyi will respond to the future global climate change. Given the significance 

of the cosmopolitan species E. huxleyi in the global carbon fluxes, the results also 

provide useful information for global models to predict how the changes in E. huxleyi 

physiology will affect the consequent global carbon cycles. 
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