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SUMMARY 

Marine phytoplankton mediate oceanic biogeochemical cycling by linking cellular 

metabolism with many elemental fluxes including C, N, P and Si. These elemental 

transformations are physiologically regulated processes that are influenced by 

phytoplankton phenotypes that change over different spatial and temporal scales. It is 

expected ocean warming (increasing sea surface temperatures; SST) will alter these 

patterns because temperature is the primary environmental control governing 

metabolism and growth in many phytoplankton groups. Whilst research on the effects 

of warming SST on biogeographical range shifts is advancing, it remains unknown how 

phytoplankton mediated biogeochemical transformations may be altered.  

Focusing on patterns in species functional traits (FTs), this thesis applied trait-based 

approaches in laboratory and field studies to explore how biogeochemically-related FTs 

vary over environmental gradients. I quantified the thermal performance curves (TPCs) 

of FTs in representative species from two laboratory-cultured phytoplankton functional 

types to understand trade-offs associated with thermal acclimation and adaptation. To 

assess whether these laboratory-based patterns of FT trade-offs and expression were 

consistent in the field; I replicated a similar TPC experiment with a natural 

phytoplankton community. Finally, to understand how multiple environmental gradients 

interact to influence phytoplankton FT expression, I tracked a diatom-specific FT over 

northern Australia to spatially map the diatom phenotypes present to deduce the likely 

biogeochemical roles of the species in the region.  

This thesis demonstrates the importance of understanding the relationship between the 

duration of thermal exposure, FT expression and trade-offs in regulating the 

phytoplankton phenotype, as all of these factors differentially affect species’ growth 

rates (and therefore fitness and biogeography) but also the acquisition of C, N, P and Si, 

and therefore the marine cycling of these elements. Furthermore, ocean mapping of FTs 

proves insightful for understanding variability of biogeochemical transformations 

between different ocean regions by providing a link between cellular and community 

level processes.  
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1.1 Phytoplankton 

The term “phytoplankton” refers to a ubiquitous, diverse and polyphyletic group of 

photosynthetic microbes that drift in sunlit surface waters (Falkowski and Raven 1997). 

They span a diverse range of sizes (Finkel et al. 2009), morphologies, behaviour 

(Tomas 1997) and biochemistry (Geider and La Roche 2002). Together, marine 

phytoplankton account for almost half of global primary production annually (Field et 

al. 1998) and, therefore, the ecological role of these organisms underpins healthy marine 

functioning. This is because they are the base of the food web and hence the entire 

oceanic food web, either directly or indirectly, relies on the transfer of energy from 

these microscopic algae. Ultimately the processes of carbon fixation and trophic transfer 

provide significant ecosystem ‘services’ upon which humans rely, including; fisheries 

and aquaculture production, water purification, nutrient transformation, and recreation 

(Costanza et al. 2014).  

The role of phytoplankton in marine ecosystems, biogeochemical cycling and climate 

feedbacks are not only reliant on their stocks and rates, but also phytoplankton species 

composition. Traditionally this species diversity would be based on taxonomic 

identification (e.g. Shannon's index; Shannon and Weaver 1949), but has since been 

represented by pooling species into a few functional groups based on similar ecological 

characteristics (Reynolds et al. 2002), or more recently, biogeochemical characteristics 

(Le Quere et al. 2005). Different functional groups have different modes of acquisition 

and utilisation of elements such as, carbon (C), nitrogen (N), phosphorus (P) and silicon 

(Si) (Falkowski 2004). Therefore, as phytoplankton community composition varies over 

spatial and temporal scales they are able to influence biogeochemical cycles and 

characteristics of their surrounding environment (Hood et al. 2006, Moline and Prezelin 

1996, Smith and Asper 2001). Hence, a better understanding of the community ecology 

of marine phytoplankton will ultimately lead to advancing knowledge about large-scale 

marine elemental fluxes and how these marine functions are likely to be altered by 

global change (see Box 1 for overview of projected climate impacts).  
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Box 1 Key impacts of climate change on the marine environment.  

The life-filled oceans of Earth make this planet unique, with marine (and terrestrial) 

organisms playing an important role in climate regulation. Earth has been subjected to 

significant climatic variations over geological timescales during which life has 

flourished, diminished and/or become extinct. We are now in another period of 

significant change, occurring at unprecedented rates and there is overriding evidence 

that human activities are the cause of this epoch known as the Anthropocene (Steffen et 

al. 2007).  

The further enrichment of carbon dioxide (CO2) and other greenhouse gases in our 

atmosphere has increased global average temperatures by ~0.2 °C per decade over the 

last 30 years, and through photosynthesis and abiotic absorption, our oceans capture a 

proportion of this anthropogenic C (Hoegh-Guldberg and Bruno 2010). These 

increasing ocean temperatures are responsible for rising sea levels, increased ocean 

stratification, decreased sea-ice extent, and altered patterns of ocean circulation, 

precipitation, and freshwater input (Doney et al. 2012). Over the next century, warming 

SST have the potential to reduce upwelling and decrease primary production by 

phytoplankton in low latitudes by reducing the flux of C from the atmosphere to the 

ocean (Beardall and Raven 2004). Observed changes in phytoplankton abundance, 

community structure and phenology driven by natural climate variability and 

anthropogenic climate change are already apparent, and given their huge socioeconomic 

value, last estimated ~$US125-trillion yr-1 globally, it is crucial to understand the 

implications of future changes on stocks and productivity of phytoplankton (Barton et 

al. 2015, Costanza et al. 2014, Hays et al. 2005). 
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1.2 The ecological and biogeochemical roles of phytoplankton 

Phytoplankton mediate biogeochemical cycles by providing a link between metabolic 

processes and the flux of C, N, P, Si, sulphur (S), iron (Fe) and other trace elements 

(Barsanti and Gualtieri 2006). The cycling of some elements is restricted to a specific 

phytoplankton functional group (PFG) (Table 1.1). For example, diazotrophs are solely 

responsible for fixation of atmospheric N2, whereas, phytoplankton regulation of the Si 

cycle is controlled by diatoms and silicoflagellates– although there is now increasing 

evidence Si is taken up by the marine picocyanobacterium Synechococcus (Baines et al. 

2012, Ohnemus et al. 2016). As outlined by the modified version of the Richards (1965) 

equation, the major elements are incorporated into the “average marine plankton” 

biomass as outlined by Anderson (1995): 

106CO2 + 16HNO3 + H3PO4 + 78H2O + light  C106H175O42N16P + 150O2 

whereby a phytoplankton cell incorporates inorganic forms of carbon (CO2), nitrogen 

(HNO3) and phosphate (H3PO4) as well as other micronutrients (e.g. Fe and Si) in the 

presence of light (i.e., through photosynthesis) into organic matter (C106H263O106N16P) 

and evolves oxygen (O2) (Anderson 1995). The rate and ratios of uptake determines 

cellular composition, and the availability of these nutrients and light combined with 

growth requirements of taxa therefore underpin the biogeography of these organisms.  

The physiological characteristics of phytoplankton species within the community 

determine the quantity and elemental composition of organic matter that is transferred 

to higher trophic levels and/or exported to the deep sea for burial (Finkel et al. 2009). 

To protect themselves from predators, phytoplankton have evolved to escape by 

swimming (enabled by flagellum, e.g. dinoflagellates) or by mechanical protection; 

mineral (e.g. Si:C in the cell walls of diatoms) or tough organic cell walls to deter 

piercers or crushers (Smetacek 2001) and in turn, significantly influence phytoplankton 

elemental stoichiometry. The elemental composition, in part, also governs the fate of C 

in organisms, food webs and ecosystems by determining C-use efficiency (Hessen et al. 

2004). For example, high C:elemental ratios of phytoplankton can lead to reduced 

consumer (herbivores and detritivores) growth at the organismal level due to lower 

nutritional value, and more C will be diverted for sediment burial; changing the fate of 

C (Hessen et al. 2004, Hessen and Elser 2005).  
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The atomic C/N/P ratio of 106:16:1 was used to represent the “average marine 

plankton” by Redfield et al. (1963) to help identify which dissolved nutrients may be 

limiting for growth (based on changes in the relative uptake of C). Since its 

establishment, the ‘Redfield’ ratio is well reflected by natural communities of marine 

plankton but shows some variability because it can be altered by changes in cell size 

and species present (Finkel et al. 2009). For example, smaller cells tend to have greater 

cellular C and N per unit volume than larger cells (Verity et al. 1992). Additionally, 

group/class specific ratios are known to exist, whereby the C:P and C:N ratios of green 

algae are much higher than those of diatoms which is thought to be due to phylogenetic 

inheritance, i.e., genetically-based differences (Ho et al. 2003, Quigg et al. 2003). 

Additionally, phytoplankton can exhibit substantial plasticity in their elemental 

stoichiometry as a physiological response to their ambient physicochemical conditions. 

For example, threefold and sixfold changes in N:P have been observed under N- an P-

limitation, respectively (Geider and La Roche 2002), and can also change in response to 

alterations in irradiance (Finkel et al. 2006), temperature and CO2 (Burkhardt et al. 

1999, Fu et al. 2007, Fu et al. 2008, Hutchins et al. 2007). Therefore, it is likely, that 

phytoplankton elemental stoichiometry is influenced by in situ conditions that are 

encountered by cells on timescales equivalent to intra-generational turnover and in turn, 

governs the fate of C in marine ecosystems.  
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Table 1.1 Key phytoplankton functional groups (PFG) and their role in various marine biogeochemical cycles. Note that some illustrative species appear more than once 
and exemplifies that clustering of PFGs are based on similarities in ecological and/or biogeochemical role, rather than phylogeny. 

Functional Species Role in marine biogeochemical cycle Reference 
Silicifiers Diatom spp. and 

silicoflagellate spp. 

Exert major influence on the ocean biogeochemical cycles of C, Si, N, and Fe in open ocean. They 

are reported to contribute up to 40% of oceanic primary productivity. Some species are known to 

form chains and in conjunction with their silica ballast have been shown to contribute significantly to 

downward export, particularly after bloom events.  

(Sarthou et al. 2005, 

Smetacek 1999, 

Tréguer and De La 

Rocha 2013) 

Calcifiers Coccolithophore spp. Responsible for more than half of marine carbonate export. They influence the air-sea CO2 

equilibrium, alkalinity, surface carbonate chemistry. They are significant contributors to carbon 

export as their dense ballasts are observed in sinking particles. 

(Klaas and Archer 

2002, Schiebel 2002)  

Phytoplankton 

N2-fixers  

Trichodesmium spp., 

diatom-diazotroph 

interactions, and N2-

Use atmospheric N2 and therefore help to control the balance of total oceanic N. By providing a new 

bioavailable source of nitrogen to the ocean (and their symbiotic hosts), they fuel new and export 

production. 

(Falkowski et al. 1998, 

Montoya et al. 2004, 

Tyrrell 1999, Zehr et al. 
DMS-producers Diatoms spp., 

dinoflagellate spp. 

Phaeocystis spp.  

They affect the atmospheric sulphur cycle through their conversion of dimethyl-sulfoniopropionate 

(DSMP) to DMS 

(Simó 2001, Stefels et 

al. 1995) 

Picoautotrophs Synechococcus spp. 

Prochlorococcus spp.  

Found everywhere, mainly in oligotrophic gyres and hence play an important role in microbial food 

webs and ocean N cycle. They contribute a substantial proportion towards primary production but an 

insignificant contribution to export and, therefore, also play an important role in global C 

biogeochemistry. 

(Boyd et al. 2010, 

Partensky et al. 1999, 

Raven 1998) 

Generic small 

phytoplankton 

Synechococcus spp. 

Prochlorococcus spp.  

Characterised by slower growth rates, different cellular machinery and more efficient at lower 

nutrient concentrations so play an important role in oligotrophic conditions. 

(Arrigo 2005, 

Dutkiewicz et al. 2013) 

Generic large 

phytoplankton 

Diatom spp. and 

dinoflagellate spp. 

Higher maximum growth rates and due to their larger relative sizes, are responsible for greater 

export.  

(Arrigo 2005, 

Dutkiewicz et al. 2013) 
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1.3 The biogeographical distribution of phytoplankton functional groups 

Based on the concept that phytoplankton community dynamics are governed by bottom-

up physical forcing (Margalef 1978), Longhurst (2010) partitioned the ocean into 54 

biogeographical provinces, each province with a unique cluster of underlying 

physicochemical properties. These provinces have different external pressures (e.g. 

light, nutrients, temperature) that govern the emergence of different PFGs that are each 

characterised by a set of FTs that offer alternative strategies of survival. As a result, 

PFGs can have specific ecological or biogeochemical roles (Follows and Dutkiewicz 

2011, Hood et al. 2006, Iglesias Rodríguez et al. 2002, Le Quere et al. 2005, Nair et 

al. 2008). In this way, physical controls such as light and vertical mixing, ultimately 

structure phytoplankton community assembly and dynamics along environmental 

gradients (Litchman et al. 2007, Longhurst 2010), and ultimately affect the 

biogeochemical cycling of many elements (C, N, P, Si) due to changes in relative 

abundances of different PFGs (Falkowski 2004). Modeller’s have used these principles 

to project the current and future distributions of such ecotypes (Dutkiewicz et al. 2013). 

In ocean biogeochemical models, it is invaluable to explicitly represent key PFGs 

(Table 1.1) because of their intrinsic link to biogeochemical pathways (Falkowski 

2004). How PFGs are classified depends on the scientific question of interest (e.g. 

Gregg and Casey 2007, Le Quere et al. 2005, Moore et al. 2004). The PFG 

classifications can range from more simplistic descriptions including a two cell-size 

model (i.e., smaller phytoplankton that are slower growing, with low nutrient 

requirements, and a larger phytoplankton class (faster growing, high nutrient requiring) 

such as the ocean biogeochemical model of Aumont & Bopp (2006), to the more 

complex ten-classification system of Le Quere et al. (2005). In most models, diatoms 

are considered as a separate PFG based on their importance in determining the sinking 

and sedimentation of organic matter and role in the Si cycle (for examples see Aumont 

and Bopp 2006, Dutkiewicz et al. 2013, Litchman 2006, Moore et al. 2002). A few 

dominant functional groups are the focus of this thesis, notably the diatoms, 

dinoflagellates and picoautotrophs (Table 1.1).  

Diatoms are typically considered relatively large phytoplankton but span a wide size 

range from approximately 2 μm to 2000 μm (maximum linear dimension) and mostly 

dominate turbulent, nutrient-rich waters such as coastal and upwelling zones (Tréguer 
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and De La Rocha 2013). This functional group is intrinsically linked to the marine C 

and Si cycles because diatoms are the largest contributors to biosilicification and are the 

dominant contributors to global C fixation and export (Behrenfeld et al. 2015, Martin-

Jezequel et al. 2000, Nelson et al. 1995). All oceanic inputs of Si in the form of 

dissolved Si (DSi) originate from terrestrial weathering and enter the ocean via river and 

groundwater discharges (Tréguer and De La Rocha 2013). Here, Si is taken up by 

diatoms and used for growth, a process whereby the DSi, in the form of silicic acid 

Si(OH)4, is biomineralised into the cell wall to form the frustule and produces what is 

known as biogenic Si, (BSi) (Martin-Jézéquel and Lopez 2003). This BSi is partly 

recycled in surface waters where it dissolves and forms Si(OH)4 (where it is reused by 

future generations of cells) and the remainder sinks and is exported to the deep sea floor 

for burial, as biogenic opal (Tréguer and De La Rocha 2013).  

Dinoflagellates, like diatoms, are relatively large phytoplankton (4-2000 μm) but in 

contrast, tend to dominate in stratified, nutrient-deplete conditions such as oligotrophic 

seas or following a spring bloom event (Margalef 1978). Additionally, dinoflagellates 

have two flagella that enable motility and vertical migration behavior and can be found 

as free-living organisms or in symbiosis with animals such as corals (Murray et al. 

2016). Dinoflagellate habitats are diverse and form important components of both water 

column and benthic phytoplankton communities.  

Picoautotrophs, such as Prochlorococcus spp. and Synechococcus spp. are small (~0.5-3 

μm) and dominate the oligotrophic open oceans but have slightly different distributions 

and ecology (Johnson et al. 2006). For example, Synechococcus spp. tend to favor 

slightly higher nutrient concentrations and the upper well-lit layer, whereas, 

Prochlorococcus spp. tend to be less ubiquitous and their abundance decreases at 

latitudes higher than 45 °N (Partensky et al. 1999). Picoautotrophs make a substantial 

contribution to primary production, but unlike diatoms, have a negligible contribution to 

carbon export (Le Quere et al. 2005), but see Richardson and Jackson (2007). 

There are many other PFGs (Table 1.1) that are not considered in this thesis, but I 

mainly focus on those outlined above. However, whilst some traits are specific to 

certain PFG, other traits measured in this thesis are universal across all phytoplankton 

(e.g. growth rate, cell size, photosynthesis) and therefore, many of the mechanisms and 

patterns discussed may extend to groups outside those measured here.  
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1.4 Functional traits, trade-offs and phenotypic plasticity 

The application of trait-based approaches to phytoplankton communities offers the 

potential to investigate and advance understanding of the ecological community 

organisation in our current oceans, but also their reorganisation in future oceans under 

climate change and other global stressors (Litchman and Klausmeier 2008) Traits are 

key physiological characteristics that determine the ecological and biogeochemical role 

of phytoplankton and their performance along environmental gradients (Litchman and 

Klausmeier 2008). Figure 1.1 summarises FTs that have been measured in 

phytoplankton. Together, multiple phytoplankton FTs such as growth or nutrient uptake 

and tolerance curves for numerous abiotic factors can be used to estimate ecological 

niches and predict how they may be altered under environmental change (Litchman et 

al. 2012). 

 

Figure 1.1 Typology of functional traits (FTs) redrawn from Litchman and Klausmeier (2008). Trade-
offs between many FTs have significant implications for the functional ecology of marine systems, as 
many of these traits are involved in resource acquisition and have direct control over biogeochemical 
fluxes. Physiological traits such as nutrient uptake directly affect the elemental cycles of C, N, P and Si; 
whereas, morphological traits such as cell size and frustule silicification regulate these biogeochemical 
cycles by influencing cell aggregation, cell sinking rates and vulnerability to grazing.
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Given that the overall phenotype of an individual can be comprised of hundreds if not 

thousands of traits (Johnston and Bennett 1996), we must make decisions surrounding 

how many and what traits should be considered. For example, restricting our laboratory 

efforts into understanding FTs only, i.e., traits that infer fitness, will help predict how 

these traits respond to climate change induced conditions. Similarly, as has been done 

for environmental controls on PFGs (Boyd et al. 2010), it is important to quantify and 

parameterise key FTs. This will assist in the ranking of the relative importance of traits 

to increase confidence in model predictions of climate-induced changes in 

phytoplankton primary production and community structure. For example, some traits 

such as cell size and elemental stoichiometry respond predictably to environmental 

conditions and therefore are not only promising traits for modelling, but also for 

monitoring changes within communities (Finkel et al. 2009). 

Predicting how environmental gradients control individual FT expression is further 

complicated by the direct and indirect effects they have on overall fitness and are often 

correlated with a number of other FTs that are also under selective pressures (Geber and 

Griffen 2003). Therefore, while the number of combinations between FTs are infinite in 

theory, in nature, this is impossible, bound by the laws of conservation of resources and 

morphological considerations at the cellular level, traits are often not independent but 

positively or negatively correlated (Follows and Dutkiewicz 2011, Litchman et al. 

2012). These trait relationships are reflected by the emergence of trade-offs; the costs 

and benefits of particular trait combinations (Litchman and Klausmeier 2008). Trade-

offs on inter-generational timescales give rise to the dominance of different functional 

groups in contrasting environments, whereby species sorting occurs as individuals 

better adapted to ambient conditions will increase in abundance, replacing poorly 

adapted species (Litchman et al. 2012, Litchman et al. 2007, Margalef 1978). For 

example, the emergence of lightly silicified diatoms in conditions where silicate 

concentrations are low (Ajani et al. 2014) or heavily silicified diatoms when nutrients 

are abundant (Shimada et al. 2006).  

FTs at the cellular level, as described above, can equally exist at the sub-cellular level 

(Angilletta Jr 2006, Angilletta Jr et al. 2003, Litchman and Klausmeier 2008). Being 

physiological (phenotypic) characteristics, further trait diversity arises through 

phenotypic plasticity, that is, changes in an organism’s phenotype (comprised of 
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hundreds of underlying traits) as a response to changes in the environment. For 

example, nutrient acquisition can be controlled by temperature (Nedwell 1999, Reay et 

al. 1999), cellular chlorophyll (Chl) to C and N (Chl:C, Chl:N) is influenced by 

irradiance (Geider et al. 1998), Si:C content of diatoms (i.e. the degree of frustule 

silicification) is strongly affected by external silicate concentrations (Finkel and Kotrc 

2010). Therefore the phenotypic plasticity of key FTs have important ecological and 

biogeochemical consequences, in this case, alterations in chlorophyll content can affect 

maximum rates of photosynthesis and changes in C:elemental molar ratios can govern 

the fate of C in the oceans.  

Similarly, trade-offs between FTs can also occur at the cellular level, for example, 

allocation trade-offs can occur, whereby the allocation of energy and resources towards 

growth assembly machinery, such as ribosomes may limit investment towards resource-

acquisition machinery, such as nutrient-uptake proteins and chloroplasts (Arrigo 2005, 

Klausmeier et al. 2004). These trade-offs are seldom static but instead respond 

dynamically to their ambient surroundings. Trade-offs amongst characteristics of light 

absorption versus photoprotection are known to occur when cells are exposed to 

different irradiance intensities, resulting in high-light and low-light phenotypes 

(McKew et al. 2013). Heterotrophs are known to adjust the composition of their lipid 

membranes as a response to temperature; enabling them to reduce respiration costs at 

high temperature but this reduces the efficiency of resource acquisition at lower 

temperatures (Hall et al. 2010). Mapping the biogeography of particular traits will help 

to reveal the mechanisms that underpin the phytoplankton community structure, 

however, our understanding is currently limited by the scarcity of observations (Barton 

et al. 2013). 

1.5 Predicting responses of phytoplankton to anthropogenic climate change  

There is an ever increasing number of short-term experimental studies demonstrating 

the significant effects of projected ocean warming (Boyd et al. 2013) and acidification 

(Burkhardt et al. 1999, Fu et al. 2007, Fu et al. 2008, Hutchins et al. 2007) on marine 

phytoplankton. However, it remains unknown whether these short-term manipulative 

approaches are reliable for predicting the impacts of long-term (decadal) climate change 

because we do not currently understand the adaptive capacity of phytoplankton over 

these timescales. One such experimental approach to investigate their evolutionary 
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potential and better understand and predict phytoplankton responses to climate change 

is known as ‘contemporary evolution’ or ‘evolutionary rescue’ experiments (Reusch 

and Boyd 2013). Whilst numerically fewer than those conducted over shorter exposures 

(i.e., weeks), contemporary evolution studies (i.e., years) have effectively demonstrated 

that short-term perturbation experiments can underestimate microbial performance in a 

future ocean as they do not consider adaptation processes (Collins and Bell 2004, 

Lohbeck et al. 2012, Schaum et al. 2012, Schluter et al. 2014). It is therefore imperative 

to experiment on these longer time-scales of months to years. 

The focus of current work exploring the evolutionary potential of phytoplankton has 

been directed towards understanding the long-term effects of ocean acidification, with 

species-specific evolutionary responses (Collins et al. 2014). These conflicting reports 

may be taxon or species-specific responses as various environmental controls are likely 

to affect phytoplankton groups differently (Boyd et al. 2010). Alternatively, it is 

possible that true performance is not being accurately assessed because physiological 

stress is relative to the magnitude and direction of environmental change and the 

organism in question. For example, the thermal optimum (Topt.) can vary between and 

within populations of the same species (Zhang et al. 2014); meaning a 2 °C increase in 

temperature will cause varying degrees of stress amongst species due to differences the 

relative change to the Topt. As a result, it is difficult to accurately define thermal stress 

and predict the response of phytoplankton to ocean warming if the Topt is unknown. This 

logic extends to any other environmental control. To move forward, we can examine 

traits over multiple points along these environmental gradients (e.g. temperature) — 

these are known as performance curves (Angilletta 2009). Understanding how 

performance curves change under long term selection pressures (e.g. increased 

temperature) can better inform evolutionary models (e.g. Chevin et al. 2010) to help 

better our understanding of how phytoplankton will respond to global change. 

1.6 The implications of warming on phytoplankton 

Of all the environmental factors undergoing alteration under climate change (light, 

nutrients, CO2), temperature has been ranked as the dominating control for a number of 

phytoplankton groups and its importance remains unknown for many others (Boyd et al. 

2010). Temperature underpins phytoplankton metabolism and activity (Eppley 1972, 

Raven and Geider 1988) and ultimately determines their species’ abundance and 
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biogeography based on underlying characteristics such as Topt. and niche width (Thomas 

et al. 2012). Because each species has a different range of tolerance and physiological 

responses, the predicted 2-3 °C rise in average SST can cause increased metabolic 

activity and growth in some species but push others beyond their temperature 

optima/optimum (Beardall and Raven 2004). Whilst the implications of increased SST 

on phytoplankton biogeography has been broadened by examining the affects of high 

temperatures on species fitness and community composition (Feng et al. 2009, Tatters et 

al. 2013), it remains unknown how the reorganisation of phytoplankton communities 

will affect primary productivity and other biogeochemical transformations (Dutkiewicz 

et al. 2013). 

It is predicted that increases in average SST will affect phytoplankton through both 

‘direct’ and ‘indirect’ pathways. Expected changes in light and nutrient regimes are 

attributed to a (projected) shoaling of the mixed layer depth, decreasing the upwards 

transfer of nutrients from deep waters to the surface and thus reducing phytoplankton 

exposure to nutrients and increasing average daily incident irradiances (Beardall and 

Raven 2004, Cubasch et al. 2001, Doney et al. 2012, Hobday et al. 2006). The direct 

effects of warming on phytoplankton are associated with the biological responses to 

increased temperature and may in fact counteract indirect effects (Taucher and Oschlies 

2011). However, the extent to which increased metabolism may offset reduced growth 

(due to reduced nutrient concentrations) remains relatively unknown, particularly when 

different physiological responses to temperature appear to be species-specific (Bopp et 

al. 2013). 

Not all ocean regions will be equally affected by rising SST (Bopp et al. 2013, 

Steinacher et al. 2010). The ocean waters in south eastern Australia are expected to be a 

hot spot for ocean warming (up to five times the global average) due to the 

strengthening of the flow of the East Australian Current (EAC), one of the five major 

boundary currents, carrying tropical waters further south (Hobday et al. 2006, Ridgway 

and Hill 2009). For example, recent observations suggest a decrease in microplankton 

abundance in this region associated with long-term increases in SST (Ajani et al. 2014), 

but it remains unknown what the associated implications for primary productivity and 

other biogeochemical cycles in this region may be.  
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1.7 Research objectives and thesis outline 

Marine phytoplankton play an integral role in the healthy functioning of our marine 

ecosystems through their role in the foodweb and biogeochemical processes that they 

control. Substantial knowledge gaps exist in regard to how the current and future 

warming of the surface oceans that these photoautotrophs inhabit will impact the 

biogeochemical fluxes that these organisms mediate. Understanding the capacity for 

short-term acclimation (i.e. weeks) and long-term adaptation (i.e. years) to increases in 

temperature will further our understanding of how phytoplankton performance and 

elemental cycling may be altered by warming average SSTs associated with climate 

change. 

The goal of this thesis is to examine how the phenotypes of phytoplankton are 

determined by trade-offs between underlying FTs; how environmental controls 

influence these trade-offs and in turn, shape the biogeographical distribution of these 

phenotypes; and how these physiological changes at the cellular level can influence 

marine functioning via the ecological and biogeochemical role of phytoplankton. 

Our current state of knowledge regarding the variability in thermal optima between and 

within phytoplankton functional types is expanding, providing insight into the 

differential responses that are often observed between species to ocean warming (Boyd 

et al. 2013). Yet, knowledge about different thermal optima for various biogeochemical 

processes and functional traits remains unknown. In Chapter 2, I explored how the 

phenotypic expression of a major phytoplankton functional group and ubiquitously 

distributed species, namely diatoms, can be influenced over a gradient of temperature, a 

single environmental stressor. Specifically, I conducted controlled laboratory 

experiments to quantify the TPCs of FTs in the cosmopolitan diatom, Thalassiosira 

pseudonana to advance understanding of trade-offs between physiological 

(photoacclimation, carbon fixation, nitrate, phosphate and silicate uptake) and 

morphological traits (cell volume and frustule silicification) associated with thermal 

acclimation in order to better understand how the future warmed ocean will affect 

phytoplankton-mediated biogeochemical processes. I expand TPCs from a single 

species to a mixed phytoplankton community in Chapter 3 to assess whether these 

patterns in functional trait expression are observed when other additional stressors such 

as competition, grazing and parasites are present.  
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Knowing whether laboratory studies are able to inform changes in large, ecosystem-

scale biogeochemical processes, is impeded by our limited understanding of how FT 

expression is regulated by the interaction between multiple environmental controls. In 

Chapter 4, I investigated natural diatom communities, recognising that they are exposed 

to multi-faceted environmental seascapes of nutrients, light, salinity and temperature, 

rather than simple unilateral gradients. I created a spatial map of diatom phenotypes by 

recording the expression of a diatom-specific functional traits across a subtropical to 

temperate oceanic gradient in order to understand whether some environmental 

gradients act as primary bottom-up controls and can be used as a predictor of local 

biogeochemical fluxes. 

In Chapter 5, I returned to the laboratory to explore whether the current biogeographical 

distributions of phytoplankton phenotypes are likely to be altered by longer-term 

changes in ocean conditions. Adopting a contemporary evolution approach in 

conjunction with TPCs, I investigated whether increases in average SSTs influenced the 

thermal characteristics (e.g. Topt) and the evolution of phytoplankton phenotypes over 

hundreds of generations. Using the data collected, I explored the trade-offs associated 

with long-term exposure to supra-optimal temperatures and discuss the potential 

implications for biogeochemical cycling as well as changes in ecological niche 

occupancy.  

The final chapter of this thesis provides a synthesis of the key findings that have arisen 

from the research conducted and discusses the research contributions towards the larger 

discipline of ocean change biology, concluding with suggestions for future directions in 

this field.  
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2.1 Introduction 

Marine phytoplankton are a ubiquitous and diverse group of photosynthetic microbes 

found in the sunlit layers of our global ocean. Their metabolic processes and, therefore, 

distribution and abundance, are mainly controlled by ocean temperature (Thomas et al. 

2012), which is shifting as a result of contemporary climate change, and creating novel 

environments not yet encountered by phytoplankton (Boyd et al. 2010). Ocean 

temperature will act selectively on phytoplankton physiology, impacting fitness and 

modifying distributions by favouring populations with ‘fit phenotypes’ for their 

respective habitats (Chevin et al. 2013). From the whole cell perspective, the ‘fit 

phenotype’ is a culmination of trade-offs between many FTs, the underlying elements 

of the phenotype that dictate fitness and ecological function (Litchman and Klausmeier 

2008). Trade-offs are likely to have significant implications for marine biogeochemical 

processes, because many FTs are either directly or indirectly related to elemental 

transformations (Figure 1.1) (Falkowski et al. 1998, Litchman and Klausmeier 2008).  

Diatoms, a group of silicifying phytoplankton, are major drivers of both the C and Si 

cycles through their large contribution to total oceanic primary production (20-25%; 

Nelson et al. 1995), C export from surface oceans, and obligate requirement for Si to 

build cell walls. When diatoms encounter environmentally stressful conditions, they 

become more silicified because C assimilation relative to Si uptake slows, leading to an 

uncoupling between C and Si cycling (Finkel and Kotrc 2010). To advance our 

understanding of how diatom-mediated biogeochemical fluxes are impacted by 

anthropogenic climate change, more detailed experimentation, observations and 

modelling are necessary to quantify changes in specific phenotypic traits and 

physiological trade-offs under different environmental conditions.  

Investigation of individual traits of an organism is known as phenomics and the 
relationship between these traits and the environmental parameter of interest is usually 
achieved through measurement of performance curves, typically determined under 
constant conditions along a gradient of one environmental variable (Gilchrist 1995). 
Performance curves are powerful for modelling purposes as they describe the shape of 
the trait-environment relationship. TPCs are the distinct case where temperature is 
chosen as the environmental variable of interest and typically have a bell-curve shape 
(Huey and Stevenson 1979). This contrasts with performance curves for increasing 
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light, inorganic carbon or dissolved nutrients, which are often hyperbolic (Geider et al. 
1993). TPCs show significant within (and between) taxon variability, as a community 
wide study demonstrated when several strains of the same species grown under identical 
culture conditions had different Topt and critical minimum (CTmin) and maximum 
(CTmax) temperatures (Boyd et al. 2013). Furthermore, FTs may not have the same 
shaped response as growth, due to differences in their plasticity or underlying 
mechanistic controls e.g., cell size often changes linearly (Atkinson et al. 2003), and 
some traits remain relatively constant (Davison 1991). The significant diversity 
underlying species and trait-specific TPCs explains why, for most studies to date, traits 
have only been measured at a limited number of points across the range of an 
environmental parameter (Lohbeck et al. 2012) or in numerous species but for a limited 
number of traits (Boyd et al. 2013).  

To our knowledge, no study to date has provided a comprehensive analysis of multiple 
trait responses across a full range of temperatures. Additionally, by detailing how 
physiological traits and rate processes are controlled by temperature, trade-offs between 
FTs can be examined. Trait-based approaches such as these have been invaluable for 
demonstrating that trade-offs largely determine species niches and 
biogeochemical/ecological function, but so far have only been modelled along nutrient 
gradients (Litchman et al. 2007); trade-offs between FTs along temperature gradients 
remain relatively unknown. 

To advance understanding of how ocean warming will affect diatom-mediated 
biogeochemical fluxes, we conducted an in-depth characterisation of TPCs in FTs of the 
cosmopolitan, model diatom species T. pseudonana. We focused specifically on 
morphological traits: cell size and frustule silicification, as well as physiological traits: 
photosynthesis, and the assimilation of carbon and other nutrients (nitrogen, 
phosphorus, silicon). Whilst the shapes of these TPCs have not yet been elucidated in 
this species, we hypothesised that the thermal optimum and shape of these individual 
functional traits would differ from the whole organism growth response.  
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2.2 Methods and materials 

2.2.1 Experimental setup 

The coastal centric diatom, T. pseudonana CS-173 was obtained from the Australian 

National Algae Culture Collection (CSIRO, Hobart, Australia). This marine strain 

originates from Moriches Bay of the Forge River (Long Island, New York, USA) in the 

North Atlantic Ocean (NAO) and is identical to the National Centre of Marine Algae 

and Microbiota (NCMA) strain CCMP1335. T. pseudonana was maintained in glass 

Erlenmeyer flasks at 20 °C in seawater medium (0.2 μm filtered coastal seawater 

obtained from Port Hacking National Reference Station, PH100, New South Wales, 

Australia) with f/2 enrichment (Guillard and Ryther (1962); 8.82 x 10-4 M NaNO3; 3.62 

x 10-5 M, NaH2PO4 H2O; 1.06 10-4 M, Na2SiO3 H2O, trace metal solution and vitamin 

solution). Before experimental measurements were made, cultures of 30 mL were 

grown in triplicate glass vessels for 3-4 generations over a temperature gradient 

spanning 11 to 35 ˚C. This temperature range was selected as to capture the minimum 

and maximum temperatures for growth (CTmin and CTmax, respectively) in order to 

constrain estimates of these parameters in later analysis (discussed below). The 

temperature gradient was established using a thermal gradient block; where hot and cold 

water was generated using separate immersion heater chillers (Julabo GmbH, Germany) 

and was then circulated through milled channels at opposite ends of the block (for 

experimental set-up see Supplementary Figure 2.1). Temperature was monitored using 

a calibrated thermocouple (Comark, United Kingdom). Light (cool white) was supplied 

(50 μmol photons m-2 s-1) by an array of light emitting diodes (LEDs; Schenzen Cidly 

Group, China) set to a 12 h: 12 h light: dark cycle. This irradiance was consistent with 

previous light conditions of inoculum cultures and was verified with a microspherical 

quantum sensor (Walz, Germany). Morphological and physiological trait measurements 

(described below) were made during the exponential growth phase following 3-4 

generations of acclimation. 

2.2.2 Phenotype fitness 

The exponential growth of cells was used to estimate fitness of the phenotype expressed 

at each temperature (twelve temperatures across the 11 to 35 °C gradient). Cell counts 

were performed daily using a flow cytometer (BD Influx, Becton Dickinson, Brussels, 

Belgium) equipped with a 50 mW laser emitting at a fixed wavelength of 488 nm. To 
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assess mortality and estimate growth of live cells, a nucleic acid stain (SYTOX green, 

Molecular Probes, Leden, Nederland) was used following the protocol of Peperzak and 

Brussaard (2011). Briefly, samples of 100 µL were incubated with the stain (final 

concentration 0.5 µM) in the dark at room temperature for 10 minutes prior to flow 

cytometric analysis. Live cells were selected as negative for SYTOX stain (gated on 

side scatter and green fluorescence (585/40 nm) (for more information see gating logic 

in Supplementary Figure 2.2). Population statistics were calculated using particle 

counts in gates that were consistent across the experiment, acquired with the same 

instrument settings.  

2.2.3 Morphological traits 

2.1.1.1 Cellular volume 

Cells were harvested in exponential growth phase when volumes of 1 mL were sampled 

and stored in glutaraldehyde (final concentration 1% v/v Sigma-Aldrich, Australia) until 

later analysis was carried out using a Coulter Counter equipped with a 20 µm aperture 

(Multisizer 4, Beckman Coulter GmbH, Germany). Sample volumes of 1 mL were 

diluted in 4 mL freshly filtered seawater (0.2 μm) to meet instrument operational 

requirements (minimum analytical volume of 5 mL). Population statistics were then 

calculated from ≥500 cells, ranging from 2–9 µm in length. These cell sizes were then 

calibrated against external standards with beads of known size (2.0 µm, 4.1 µm and 5.7 

µm; ThermoFisher Scientific, Australia) and produced a linear regression of R2 >0.99.  

2.1.1.2 Frustule silicification 

To measure newly deposited silicon into diatom frustules, samples of 10 mL were 

harvested in exponential phase and incubated in the presence of the fluorescent label 

Lysosensor Yellow/Blue DND-160 (otherwise known as PDMPO, ThermoFisher 

Scientific, Australia) following the labeling protocol of Leblanc and Hutchins (2005). 

Briefly, cells were incubated in the presence of the dye (final concentration 0.125 μM) 

along with a control sample that did not contain PDMPO (to quantify background 

fluorescence) at experimental conditions for 24 h. Following incubation, a 500 μL 

aliquot of each sample was enumerated flow cytometrically (BD Influx, Becton 

Dickinson, Brussels, Belgium) where the mean relative fluorescence of incorporated 

PDMPO for each diatom population was quantified against the mean fluorescence of 
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the fluorescent bead population (1 µm, ThermoFisher Scientific, Australia) at UV 

excitation of 355 nm and blue fluorescence at 469/29 nm (for more information see 

gating logic in ). Fluorescence per cell was then normalised to cellular volume 

(quantified by the Coulter Counter method as described above) to correct for any 

differences in fluorescence due to cell size. 

2.2.4 Physiological traits 

2.2.4.1 Photophysiology 

Fast repetition rate fluorometry (FRRf) was applied to assess the electron transport 

kinetics of photosystem II (PSII) at each temperature. Samples (2 mL) were harvested 

during exponential growth and measurements were made on each sample immediately 

after being removed from the temperature block (2 h after onset of light phase). The 

first measurement was performed in the dark (to allow down-regulation of very fast 

relaxing non-photochemical quenching) and actinic white light at the growth irradiance 

intensity (47 µmol photons m-2 s-1) was supplied by a white LED for 1 min and 

measurements performed at 20 s intervals during the actinic light exposure. The last 

measurement of each set was used in further calculations of photochemical efficiency. 

A Chelsea Technologies FASTocean fluorometer supplied single-turnover excitation 

flashlets (of 1.1 µs duration) at 450 nm at a rate of 2 µs to achieve full saturation of PSII 

reaction centers followed by longer intervals of 100 µs to allow relaxation and 

reoxidation of QA. Profiles of the fluorescence emission were fitted within the FastPro8 

software (v. 1.0.55; Chelsea Technologies) to the Kolber-Prasil-Falkowski model 

(Kolber et al. 1998) to yield the minimum (FO or F’; ’ indicates light adapted samples) 

and maximum fluorescence (FM or FM’), effective absorption cross section of PSII (σ or 

σ’; nm2) and reoxidation kinetic of QA (τ; µs). Values for the photochemical efficiency 

(ΦPSII or ΦPSII’; both dimensionless) were calculated from these parameters as (FM-

FO/FM) or (FM’-F’/FM’) for light adapted samples. Sample filtrate (after filtration 

through 0.2 μm Millipore syringe filters) was also measured in the FRRf to account for 

background fluorescence. The data was visually inspected to ensure no fluorescence 

induction in the filtrate (indicating an absence of phytoplankton) and the mean FO and 

FM of the filtrate were averaged into a single value to be subtracted from all FO (or F’) 

and FM (or FM’) values. 
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A second series of measurements was performed to parameterise the light-dependent 

response of electron transport kinetics and identify shifts in the light-saturated rates of 

electron transport and the light utilisation efficiency. In the interest of minimising 

diurnal impacts (Schuback et al. 2015), we conducted rapid light curves (RLC) on a 

single replicate for each temperature to reduce the time period of measurements. 

Measurements of the light dependent electron transport rate (ETR) were achieved with a 

RLC protocol where samples were illuminated by the FASTAct instrument chamber 

that supplied actinic white light at increasing light intensities of 0, 10, 28, 47, 66, 85, 

104, 123, 160, 251, 330, 402, 550, 756, 905, 1208 μmol photons m-2 s-1. Each sample 

was dark adapted for 10 minutes prior to measurement at ambient temperature, and each 

actinic light intensity was applied for 20 s and measurements collected every 10 s, with 

the last measurement at each light step recorded as the fluorescence yield for that light 

step. The ambient temperature of each temperature treatment was maintained during 

RLC measurements using a flow-through water bath attached to the FASTAct sample 

chamber set at the required temperature. The ETR was calculated using an in-built 

‘Sigma algorithm’ within FASTPro8 (see Oxborough et al. 2012, Robinson et al. 2014). 

The light dependency of the electron transport rate was modeled by fitting ETR to a 

Jassby-Platt model (Jassby and Platt 1976) to derive the light utilisation efficiency (α) 

and light saturation irradiance (Ek).  

2.2.4.2 Chlorophyll a content 

Sample volumes of 2 mL were harvested in exponential growth phase and centrifuged at 

5000 g for 5 min at 20 ˚C. The supernatant was discarded and cell pellets stored frozen 

at -80 °C until analysis (carried out within 3 months). Pigments were extracted for 15 

min in the dark at 4 °C in a 3 mL volume of 3:2 90% acetone: 100% dimethyl sulfoxide 

extraction reagent (Shoaf and Lium 1976). Chlorophyll a was determined in a 

fluorometer (TD-700, Turner Designs, USA) using the non-acidification method of 

(Welschmeyer 1994). The fluorometer was calibrated with pure chlorophyll a (Sigma-

Aldrich, USA), whose concentration was calculated from absorbance via using the 

coefficients in (Jeffrey et al. 1997).  
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2.2.4.3 Primary productivity (14C uptake) 

To estimate primary productivity across the temperature gradient, C fixation rates were 

measured using 14C-labelled bicarbonate in small volume incubations as described in 

(Doblin et al. 2011). Specifically, radiolabeled NaH14CO3 (stock solution 1.85 x 107 Bq) 

was added to 5 mL of culture in clear glass tubes (1.5 µCi per tube) and incubated in the 

thermal gradient block for 60–80 min under the growth irradiance. Activity in the 

samples was determined by removing a 100 µL aliquot from three randomly selected 

tubes and placing it into 5 mL of refrigerated 0.1 M NaOH, adding 10 mL scintillation 

fluid (Ultima GoldTM, Perkin Elmer) and shaking before counting using a liquid 

scintillation counter (Packard TriCarb 2900 TR). Each temperature contained a dark 

sample wrapped in aluminum foil to quantify carbon fixation in the dark. Following 

incubation, tube contents were transferred to scintillation jars, acidified with 100 µL 6 

M HCl and shaken on an orbital shaker for 12 h to remove inorganic 14C. Scintillation 

fluid (10 mL Ultima GoldTM; Perkin Elmer) was then added to each sample, vigorously 

shaken and left for 3 h before counting. Counting time was set to 5 min so that counts 

were within a 5% counting error.  

2.2.4.4 Uptake of nitrogen, phosphate and silicate 

To estimate the net cellular uptake of N, P and Si (added to cultures as nitrate, 

phosphate and silicate) the difference between nutrient concentrations at the start and 

end of the experiment was calculated and normalised to the difference in cell abundance 

to account for differences in growth. Subsamples at each time point were removed from 

all experimental vessels and centrifuged at 5000 g for 5 min at 20 ˚C. The supernatant 

(500 µL) was then removed and stored frozen at -20 °C until colorimetric analysis to 

determine concentrations of nitrate (NO3
-), nitrite (NO2

2-), phosphate (PO4
3-) and 

reactive silicate (SiO4
4-). NO3

- contents were determined indirectly as described in 

Schnetger and Lehners (2014). Briefly, NO2
- concentrations were analysed by the 

Griess-Ilosvay method and subtracted from total N (NOx) obtained though the 

vanadium (III) chloride reduction reaction. The NO3
- values were linear between 1 and 

100 µM and the detection limit was 0.15 µM. Inorganic P was determined by the 

sensitive detection method of Hoenig et al. (1989) where values were linear between 1 

and 15 µM and the detection limit was 0.95 µM. Reactive SiO4
4- was determined by a 



Chapter 2 Functional traits TPCs in model diatom 

 33 

miniaturised modification of Strickland and Parsons (1968) where values were linear 

between 1 and 150 μM and the detection limit was 9.5 μM. We note that freezing 

samples for reactive silicate analyses may have produced Si polymerisation resulting in 

underestimates of absolute rates of Si uptake. Where necessary, samples were diluted in 

order to obtain concentrations within the linear detection range of each colorimetric 

method.  

2.2.5 Data analysis 

Prior to this study, the TPCs for many FTs had not been described, so trait responses 

were visually inspected before analysis. Traits that showed positive, negative or no 

relationships with temperature were described using simple linear regression where 

statistical significance was accepted at p <0.01. Traits that exhibited a bell-shaped curve 

were described by the following equation: 

    (Equation 2.1) 

This is a transformation of the equation described by Boyd et al. (2013) and Thomas et 

al. (2012) so that it is parameterised by the CTmin and CTmax temperatures. The shape of 

the TPC is controlled by three important temperature traits: CTmin and CTmax (which 

determine the thermal niche width), and b, a coefficient from the Eppley curve (Eppley 

1972), an exponential relationship thought to provide the upper bound constraint on 

community-level phytoplankton growth as a function of temperature.  
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The Topt, is where the slope of the curve is zero. This can be found by taking the 

derivative of Equation 2.1 with respect to T and finding where it is 0 by solving a 

quadratic equation. This yields the following equation: 

       (Equation 2.2) 

where: 

        (Equation 2.2.1) 

      (Equation 2.2.2) 

    (Equation 2.2.3) 

When fitting curves to data for individual traits, it was found that estimates of CTmin 

produced unrealistic results and therefore it was necessary to constrain b and CTmin to 

positive values.  

The parameter values in Equation 2.1 were found by Maximum Likelihood Estimation 

(MLE) (assuming normally distributed errors). Confidence intervals (CI) were found by 

parametric bootstrapping. Using the MLE of the parameters: (i) synthetic data with the 

same temperature sampling as the experimental data was generated using Equation 2.1, 

(ii) Equation 2.1 was then fitted to a synthetic data set by MLE, (iii) new parameter 

values, as well as the Topt and maximum values were stored. This process was repeated 

a total of 5,000 times. From these distributions the 95% CI were calculated as the range 

between the 2.5th and 97.5th quantiles. These estimates of uncertainty were vital for 

subsequent analyses, as they allowed us to appropriately account for the inherent 

differences in uncertainty of multiple traits. Confidence bands were calculated in a 

similar fashion. For each synthetic dataset the function values were stored from 0 to 40 

°C in 0.5 °C increments. At each stored temperature the confidence intervals were 

calculated as above. 
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2.3 Results 

Consistent with our hypothesis, the TPCs of some FTs could be well described by bell-

shaped curves, including growth rate, primary productivity and chlorophyll content. 

These FTs had better goodness-of-fit, with relatively low values of root mean squared 

error; RMSE (i.e., close to zero) and hence better predictability with temperature (Table 

2.1). In contrast, cellular uptake of nitrite, phosphate, and silicate was less predictable, 

with higher values of RMSE (i.e., wider confidence intervals) (Table 2.1). Other traits 

were better described by linear functions (Table 2.2), showing significant positive or 

negative linearity with temperature (p <0.01) including cell volume, frustule 

silicification, effective quantum yield, reoxidation of QA and chlorophyll normalised 

productivity (Pb) (Table 2.2). Other traits, such as cross-sectional area servicing PSII, 

ETR and nitrate uptake showed no relationship with temperature - i.e., remained 

relatively constant from 11 to 35 ˚C (p >0.01). Some of these traits were more strongly 

correlated with temperature than others (i.e., higher R2) such as re-oxidation of QA 

(Table 2.2).  

T. pseudonana showed considerable thermal plasticity, demonstrating relatively high 

fitness (growth >0.2 d-1) over a large temperature range (Figure 2.1). Temperature was 

found to be a good predictor of growth (RMSE =0.1) and the MLE of the Topt for 

growth was 18.6 °C, with 95% CI being 17.0 to 20.1 °C (Topt range). The maximum 

growth rate attained within the Topt range (hereafter referred to Topt for simplicity) was 

estimated as 0.8±0.07 d-1. Growth rates were lowest at 33 °C (0.18±0.1 d-1) and ceased 

at 35 °C (CTmax) where loss of cells indicated mortality. Samples from 35 °C were 

therefore excluded from further trait analyses. Unlike the CTmax, the CTmin for growth 

was not observed in the experimental data. As a result, we lack critical values at the 

lower temperature threshold to fully characterise CTmin and consequently, our estimates 

of both CTmin and niche widths have high uncertainty (i.e., lie between 0 and 6 °C for 

CTmin). Note this is also the case for all remaining FTs (Table 2.1).  
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Table 2.1 Estimated thermal performance curve (TPC) parameters and associated uncertainty calculated from parametric bootstrapping for each functional trait 
(FT) fitted using Equation 2.1; thermal optimum Topt, trait value at thermal optimum and thermal niche width.  
 

  Functional trait Units Temperature optimum 

(Topt) 
Trait value at Topt Thermal niche width     

(° C) 

RMSE 

lower 

CI  
MLE upper 

CI 
lower 

CI  
MLE upper 

CI 
lower 

CI  
MLE upper 

CI 
  Growth rate  d

-1
 17 18.6 20.1 0.7 0.8 0.9 24.9 29.9 34.8 0.1 

  Primary productivity pgC cell
-1

 h
-1
 19.5 20.8 22.2 4.2 4.5 4.7 29 34.2 38.3 0.5 

  Chlorophyll content pgChl cell
-1
 22.9 23.9 25.3 2.2 2.4 2.6 28.4 32.1 38.1 0.4 

  Nitrite uptake pmol cell d
-1
 22.8 24.1 25.3 131.3 138.2 145.4 37.7 40.5 46.9 13.7 

  Phosphate uptake pmol cell d
-1
 20.7 21.5 22.5 67.9 70.5 73.5 36.2 40.8 44.2 5.2 

  Silicate uptake pmol cell d
-1
 20.6 21.4 22.5 717.8 741.4 765.9 39.5 42.4 44.3 54.4 
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Table 2.2 Estimated thermal performance curve (TPC) parameters for functional traits (FT) fitted using linear regression and associated uncertainty calculated 
by parametric bootstrapping, including: the proportional change in trait value per degree Celsius relative to the thermal optimum (Topt) for growth (Δ °C) and 
trait value at thermal optimum. 

Functional trait Units p-value Adjusted-R
2
 Δ °C  Trait value at Topt 

 
  

lower CI  MLE upper CI lower CI  MLE upper CI 

  Cell volume μm
3
 0.00022 0.340 0.0033 0.0064 0.0100 23.4 23.9 24.4 

  Frustule silicification RFUs per μm
3
 0.00007 0.407 -0.0183 -0.0147 -0.0099 0.240 0.256 0.271 

  Effective quantum yield arbitrary units 0.00034 0.323 -0.0064 -0.0059 -0.0054 0.551 0.554 0.557 

  Reoxidation of QA μs 0.00000 0.841 -0.0081 -0.0072 -0.0063 668 674 681 

  Chlorophyll normalised  

  productivity 
pgC pgChl

-1
 h

-1
 0.00004 0.439 -0.0225 -0.0186 -0.0134 11.86 13.01 14.12 
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Figure 2.1 Thermal performance curves (TPC) of fitness in the cosmopolitan model diatom T. 
pseudonana showing growth rate as a function of temperature (n = 33, RSME =0.1). Each symbol 
represents a distinct biological replicate. The solid line corresponds to maximum likelihood estimate 
(MLE) with broken lines corresponding to the 95 % confidence intervals (CI) of the bell-shape function 
(Equation 2.1) estimated by parametric bootstrapping. 

 

Temperature also affected T. pseudonana morphology, as cell volume and frustule 

silicification exhibited significant linear relationships (p <0.001) with increasing 

temperature but with opposite signs (Figure 2.2). Cell volume ranged between 22±0.4 

µm3 at the lowest (11 °C) and 26±0.4 µm3 at the highest (33 °C) temperatures assayed 

(15% rise overall), with a median cell volume of 23.9±0.2 µm3 observed at the growth 

Topt (Figure 2.2a). In contrast, silicification of T. pseudonana decreased with increasing 

temperature, from 0.3 relative fluorescence units (RFUs) per µm3 at 11 °C to 0.1 RFUs 

per µm3 at 33 °C, equivalent to a 66% reduction in frustule thickness (Figure 2.2b).  
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Figure 2.2 Thermal performance curves (TPC) of morphological traits in the diatom T. pseudonana 
portraying (a) cell volume (n = 33, p <0.01, R2 =0.34); and (b) frustule silicification (n = 31, p <0.01, R2 
=0.41), as a function of temperature. Each symbol represents a distinct biological replicate. The solid line 
corresponds to maximum likelihood estimate (MLE) with broken lines corresponding to the 95 % 
confidence intervals (CI) of a linear regression both estimated by parametric bootstrapping. 

 

Photophysiological trait analysis of T. pseudonana revealed assay temperature 

significantly affected a number of biophysical properties such as light harvesting and 

utilisation. The functional absorption cross-section servicing functional PSII reaction 

centres (σPSII) was similar (3 nm2 PSII-1; p =0.03) across all temperatures assayed, 

varying by as little as 0.5 nm2 over the ~20 °C gradient. Greater variability in σPSII was 

observed at temperature extremes (i.e., wider confidence band; Figure 2.3a). While 

cells retained the ability to harvest light over the entire temperature range, the ability to 

utilise light declined at warming temperatures, demonstrated by a significant decrease 

(p <0.001; R2 =0.32) in the photochemical efficiency of PSII (effective quantum yield; 

ΦPSII) (Figure 2.3b). Despite the decline in light energy being directed towards 

photochemistry with increasing temperatures, electron flux through PSII was relatively 

similar across all temperatures assayed, as there was no significant relationship between 

ETRs and temperature (p =0.23; R2 =0.2) (Figure 2.3c). There was, however, an 

acceleration of downstream electron transport processes (acceptor side of PSII, donor 

side of PSI), accounting for the reduced operational efficiency at PSII. This was 

indicated by the decrease in the re-oxidation time of QA (τ) with increasing temperature 

(p <0.01; R2 =0.84), from 800 μs at 11 °C to 600 μs at 33 °C (Figure 2.3d). RLC 

measurements indicated that there is a trend of increasing irradiance needed to saturate 
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photosynthesis with warming temperatures, as the saturation irradiance (Ek) increased 

from 100 to 500 μmol photons m-2 s-1 for samples incubated at 11 °C and 33 °C, 

respectively (Figure 2.3e). Finally, the TPCs of light harvesting efficiency (α) followed 

a similar trend to ETRs, showing a small decrease at intermediate temperatures. Cells at 

lower and higher temperatures than the Topt had highest light utilisation efficiency 

(Figure 2.3f). 

 

Temperature had a direct and predictable affect on key metrics of C cycling traits of 

primary productivity (RSME =0.5), cellular chlorophyll content (RSME =0.4) and 

chlorophyll normalised productivity rates (p <0.001; R2 =0.44) (Figure 2.4). Primary 

productivity (PP) gradually increased from 3.4±0.8 pgC cell-1 h-1 at 11 °C, to a 

maximum rate of 4.5±0.2 pgC cell-1 h-1 at Topt (between 19.5 and 22.2 °C) and then 

decreased more sharply with warming temperatures, where PP was lowest at 33 °C with 

values of 1.9±0.1 pgC cell-1 h-1 (Figure 2.4a). Minimum cellular chlorophyll a content 

was observed at the cold end of the temperature spectrum (0.75±0.3 pgChl cell-1), rising 

rapidly with increasing temperature to a maximum cell quota of 2.4±0.2 pgChl cell-1 

between 22.9 and 25.3 °C and then gradually declined to 1.5±0.25 pgChl cell-1 at 33 °C 

(Figure 2.4b). Chlorophyll normalised productivity was greatest at colder temperatures, 

decreasing linearly with temperature from ~2.4 pgC pgChl-1 h-1 at 11 °C to ~1.3 pgC 

pgChl-1 h-1 at 33 °C (Figure 2.4c), at a rate of 0.37 pgC pgChl-1 h-1 per °C (Table 2.2).  
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Figure 2.3 Thermal performance curves (TPC) of T. pseudonana photophysiological traits relating to 
light acquisition and harvesting showing (a) Functional cross-sectional area of PSII (n = 32, p =0.03, R2 
=0.59); (b) Effective quantum yield (n = 33, p <0.01, R2 =0.32); (c) Electron transport rate (n = 33, p 
=0.23, R2 =0.01); (d) Reoxidation time of QA (n = 33, p <0.01, R2 =0.59); (e) Saturating irradiance (n 
=12); and (f) Light harvesting efficiency (n =12), as a function of temperature. Cells were harvested from 
cultures grown at 50 μmol photons m-2 s-1, with each symbol representing a distinct biological replicate. 
Solid line corresponds to maximum likelihood estimate (MLE) with broken lines corresponding to the 95 
% confidence intervals (CI) of a linear regression, all estimated by parametric bootstrapping. (e - f) Data 
shown are parameters derived from rapid light curves with a single biological replicate, hence no 
maximum likelihood estimates or confidence intervals. 
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Figure 2.4 Thermal performance curves (TPC) of physiological traits in the diatom T. pseudonana 
describing (a) primary productivity (n = 32, RSME =0.5); (b) chlorophyll content (n = 29, RSME =0.4); 
and (c) chlorophyll normalised productivity (n = 29, p <0.01, R2 =0.44), as a function of temperature. 
Each symbol represents a distinct biological replicate. Solid lines correspond to maximum likelihood 
estimate (MLE) with broken lines corresponding to the 95 % confidence intervals (CI) of the (a, b) bell-
shape function (Equation 2.1), and (c) linear regression, all estimated by parametric bootstrapping. 
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Resource acquisition of dissolved N, P and Si by T. pseudonana differed across the 

experimental temperature gradient (Figure 2.5), but responded less predictably with 

temperature in comparison to primary productivity and chlorophyll content (i.e., greater 

RSME; Table 2.1). Unlike the other dissolved nutrients measured in this study, NO3
- 

uptake was not affected by temperature (p =0.04; R2 =0.01) (Table 2.2). In contrast to 

NO3
-, uptake of NO2

-, P and Si exhibited bell-shaped curves as a function of 

temperature (Figure 2.5b-d). The MLE of the thermal optimum for NO2
- uptake was 

24.1 °C, with 95% CI being 22.8 to 25.3 °C (Topt range; Table 2.1). Dissolved NO2
- 

uptake increased gradually from ~80 pmol cell d-1 at 11 °C to a maximum uptake rate of 

138±7 pmol cell d-1 at Topt and then decreased gradually with further increases in 

temperature to ~95 pmol cell d-1 at 33 °C (Figure 2.5b). This Topt range significantly 

differed from that of P and Si, where very similar MLE of Topt were obtained for both 

nutrients, with maximum net uptake occurring at 21.5 and 21.4 °C, respectively (Table 

2.1). Temperatures exceeding the Topt range of P and Si, resulted in a gradual decline of 

P and Si uptake, to a minimum of ~50 pmol cell d-1 and ~450 pmol cell d-1, respectively 

at 33 °C (Figure 2.5c,d). This decrease of apparent Si uptake at supra-optimal 

temperatures may also explain the reduced frustule silicification observed with warming 

temperatures (Figure 2.5b).  
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Figure 2.5 Thermal performance curves (TPC) of physiological traits in the diatom T. pseudonana 
depicting uptake of dissolved nutrients (a) nitrate (n = 33, p =0.039, R2 =0.10); (b) nitrite (n = 33, RSME 
=13.7); (c) phosphate (n = 33, RSME =5.2); and (d) silicate (n = 33, RSME =54.4), as a function of 
temperature. Each symbol represents a distinct biological replicate. Solid lines corresponds to maximum 
likelihood estimate (MLE) with broken lines corresponding to the 95 % confidence intervals (CI) of (a) 
linear regression, and (b - d) the bell-shape function (Equation 2.1), all estimated by parametric 
bootstrapping. 

A comparison of the thermal optima and niche widths of different traits was made with 

overall fitness (Figure 2.6). Functional traits were observed to separate into three 

distinct groups: similar Topt and niche width to growth (Group I), greater Topt but similar 

niche width to growth (Group II), and greater Topt and greater niche width than growth 

(Group III). Some FTs appeared to overlap between different groups (e.g. primary 

productivity between Group I, II and II), whereas others were clearly distinguishable 

(e.g. Si uptake in Group III only). Physiological traits related to photosynthesis operated 

over similar niche widths but showed greater Topt than growth – e.g., chlorophyll 

content. In comparison, FTs related to resource acquisition (NO2
-, P and Si uptake) were 

characterised by their ability to function over wider niche widths and higher Topt in 

comparison to growth (Figure 2.6).  
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Figure 2.6 A comparison of the thermal optimum (temperature range over which the maximum trait 
value is obtained), and niche width (temperature range over which trait value is positive) of various 
functional traits measured in the diatom T. pseudonana, which were parameterised by fitting the bell-
shaped function (Equation 2.1). Symbols represent maximum likelihood estimate (MLE) and error bars 
correspond to the 95 % confidence intervals (CI), both estimated by parametric bootstrapping. Functional 
traits (FT) are sub-categorised into three groups (Group I, II and II) separated by the upper 95% CI for the 
thermal optimum and niche width for growth (broken grey lines). 

FTs that exhibited a significant and relatively strong linear relationship with 

temperature (p <0.05; R2 >0.30) are summarised in Table 2.2, including important 

thermal characteristics such as: the trait value at Topt, and the proportional change in 

trait value per °C relative to the optimal for growth (Δ °C). Comparing Δ °C between 

FTs provided insight into differences in thermal sensitivities. For example, Δ °C was 

relatively consistent between traits, changing between 0.0064 (e.g. cell volume) and 

0.0186 (e.g. Pb) relative units, equivalent to 0.6 and 1.8% per degree Celsius (Table 

2.2). However, these traits varied in their direction of change (positive or negative) 

(Table 2.2). One trait was an exception: chlorophyll normalised productivity (Pb) that 

changed by 0.02 Δ °C Topt (i.e., gradient more vertical) indicating increased flexibility 

and perhaps greater thermal sensitivity of this trait per unit increase in temperature.  



Chapter 2 Functional traits TPCs in model diatom 

 46 

2.4 Discussion 

2.4.1 Thermal performance curves reveal phenotypic plasticity  

The shape and/or Topt of TPCs were unique for each FT assessed in this study. These 

have yielded insight into the biological controls underlying the trait response and also 

provide a measure of thermal sensitivity. The most thermally resilient traits measured 

were the σPSII and ETRs, which had a flat thermal response (Figure 2.3a,c). 

Regulation of σPSII under thermal stress has also been found in heat tolerant phylotypes 

of the symbiotic dinoflagellate Symbiodinium (McGinley et al. 2012) and may suggest 

that the photosynthetic apparatus of the broadly distributed diatom T. pseudonana is 

also thermally stable. Large temperature deviations from the growth Topt had significant 

implications on growth (reduced by 80%). In comparison, small changes were observed 

for cell volume and effective quantum yield (Δ °C; Table 2.2); both of these traits 

showed linear TPCs. Nutrient fluxes (NO2, PO4, SiO4) decreased by ~10% across the 

temperature gradient compared to optimal conditions, with a large proportion of the 

TPC being flat. The greatest magnitude of temperature-induced change was observed 

for traits with bell-shaped TPCs, specifically C fixation, which was ~50% lower at 

temperature extremes compared to the Topt. The shape of the curves suggest that the 

thermal sensitivity of traits increased in the following order: flat (light harvesting; 

σPSII) > linear (light utilisation; ΦPSII, cell morphology; volume) > concave (NO2, PO4, 

SiO4 flux) > bell-shaped (growth, primary productivity, chlorophyll content). Linear 

performance curves have the least amount of thermal sensitivity because for a given 

amount of change in temperature always produces the same amount of change in the 

trait response. In contrast, for a trait with a bell-shaped performance curve, the specific 

temperature dictates the degree of response; a given amount of temperature change will 

induce a small change for temperature close to the Topt but a large response towards the 

tails. If we use the derivative of the performance curve to define trait plasticity, we 

observe greater thermal sensitivity in traits that express more plasticity (for further 

discussions see; Angilletta 2009). On the other hand, traits must have considerable 

plasticity to express a flat response curve because in order to maintain performance, 

cells must be able to adjust their physiology at the same rate of the environmental 

change (Schulte et al. 2011). Whichever way it is defined, it is clear that phenotype 

plasticity plays a significant role in thermal acclimation.  
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2.4.2 Temperature driven changes in fitness and other functional traits 

In keeping with our hypothesis, we observed the Topt of growth was different to the Topt 

for each underlying FT, being the lowest amongst all traits measured (Figure 2.6). The 

mechanisms behind these trait responses are likely due to the thermal specificity of the 

underlying enzymes responsible for these processes. Furthermore, some FT TPCs do 

not have a definitive Topt because they were constant (i.e., electron transport rate) or 

linear (i.e., photosynthetic efficiency of PSII, cell volume). Despite these traits not 

exhibiting a typical TPC shape, it does not mean that they are not thermally regulated. 

In the following sections we discuss the likely candidates of the biological processes 

that underlie the shapes and Topt of TPCs obtained for the morphological and 

physiological traits measured in this study. 

The cosmopolitan model diatom, T. pseudonana, demonstrated relatively high fitness 

over a large thermal range (Figure 2.1), consistent with the global distribution of this 

genus (Leblanc et al. 2012). Furthermore, maximum growth rates were comparable to 

previously reported values for this strain; ~0.9 d-1 at 18 °C and 80 μmol photons m-2 sec-

1 (Li and Campbell 2013). In contrast to other studies, we found that the Topt range (17.0 

and 20.1 °C, centered on 18.6 °C) was slightly colder than previously reported values 

(Boyd et al. 2015, Thompson et al. 1992) and may be due to the lower growth irradiance 

used in our study (Sandnes et al. 2005). In terms of morphological traits, absolute cell 

volumes were within range of previously reported values (Li and Campbell 2013) and 

consistent with Thompson et al.(1992), with cells becoming larger with increasing 

temperature (Figure 2.2a). These changes in cell volume, although small (i.e., ~10%), 

may have significant implications for vertical export of carbon, as has been 

demonstrated in other small, spherical phytoplankton taxa (coccolithophores; Pantorno 

et al. 2013). However, the degree of frustule silicification (Figure 2.2b) must also be 

taken into consideration, because the specific gravity of BSi exceeds that of any other 

polymer and has significant effects on the density of the cell as a whole (Raven and 

Waite 2004). For example, colder temperatures (11 °C) result in smaller, thicker 

diatoms (Figure 2.2) and may be more likely to reach the deep sea floor for burial 

because of their proportionally greater cell specific gravity. In contrast, warmer 

temperatures (33 °C) result in larger but thinner diatoms (Figure 2.2) that may sink 

more rapidly because of their larger cell size (as explained above). Alternatively, 
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thinner frustules also reduce physical defenses and provide grazers with food of a 

different biochemical composition, i.e. greater C content (Raven and Waite 2004) and 

as a result may reduce the likelihood of the whole cell reaching the cell floor. Therefore, 

interaction between these two morphological traits (i.e., cell volume and frustule 

silicification) along a temperature gradient may create different phenotypes with 

different functional and biogeochemical roles.  

The temperature driven changes in cell volume observed in this study have significant 

impacts for photophysiological responses to irradiance as cells may increase light-

harvesting pigment content to processes associated with C fixation (Finkel et al. 2009). 

We see evidence of temperature-driven changes in photophysiological responses 

through changes in chlorophyll normalised primary productivity (Pb), light harvesting 

efficiency (α), and saturation irradiance (Ek). Despite the cross-sectional area of the 

pigment antennae funneling light to PSII remaining relatively unchanged with 

temperature (Figure 2.3a), RLC reveal different functional light responses by cells at 

cold and warm temperatures. At cold temperatures (between 11 and 16 °C) lower Ek 

and higher α values suggest the presence of a “bottle-neck” in downstream electron-

transport processing from harvested photons, e.g., in the Calvin Cycle. To a 

phytoplankton cell, these biomolecular triggers mimic those encountered when PSII is 

under pressure from excess light, and signals cold-acclimated cells to down-regulate 

chlorophyll synthesis (Behrenfeld et al. 2015) and cell volume declines to compensate 

for pigment packaging effects (Kirk 1994, Raven 1984). As temperature rises, cells 

appear to require more light to saturate photosynthesis despite light conditions 

remaining constant. This is evidenced by the increases in saturation irradiance (Figure 

2.3e), coupled by corresponding declines in Pb (Figure 2.3c) and reoxidation time of QA 

(Figure 2.3d) and because Ek = 1 / σ * τ (Sakshaug et al. 1997). Together these results 

suggest that with increasing temperature, photosynthesis becomes rate-limited by the 

light reactions. As a result, cells attempt to increase light-harvesting capacity by 

synthesising nitrogen-rich chlorophyll (Figure 2.4b). However, cells become 

increasingly larger and pigment-packaging effects seem to counteract any benefits 

associated with increased pigmentation and absolute rates of primary productivity 

decline (Figure 2.4c). As the efficiency of the Calvin Cycle decreases, alternative 

electron sinks e.g. cyclic electron transport around PSII, Mehler reaction, terminal 



Chapter 2 Functional traits TPCs in model diatom 

 49 

oxidase activity, nitrate reduction also become progressively more important with 

increasing temperature (Hancke et al. 2008, Kulk et al. 2012). 

Resource acquisition of NO2-, P and Si appeared to conform to a conventional TPC 

shape but was less predictable than growth (Figure 2.5). Additionally, the curvature of 

these TPCs appeared less pronounced in comparison to the TPCs of growth and primary 

productivity and as a result exhibited wider thermal niches. As has been demonstrated 

previously, temperatures below the Topt of growth appeared to lower the affinity for all 

inorganic substrates and is believed to be due to more inflexible membranes leading to 

decreased efficiency of embedded transporter proteins (Nedwell 1999). Comparatively, 

at higher temperatures, membranes become more fluid and may become more 

susceptible to attack by reactive oxygen species and, as a result, membrane transporter 

proteins become targeted by oxidative protein damage (Lesser 2006). The TPCs of 

nitrite, phosphate and silicate suggest a high degree of thermal stability in these 

physiological processes as the net uptake rates at the hot (33 °C) and cold (11 °C) end 

of the gradient were only reduced by ~10% in comparison to rates observed at the Topt. 

This might mean that elemental fluxes may be relatively resilient to temperature 

variation at least in comparison to other processes such as growth and carbon fixation. 

In stark contrast, NO3
- uptake remained relatively unaffected by temperature (weakly 

significant; p =0.04). However, this does not necessarily mean that temperature does 

not mediate nitrate utilisation. For example, the assimilation of NO3
- involves a number 

of mechanisms: NO3
- reductase, NO2

- reductase, associated active transport systems, 

cellular ATP and NADPH (Mulholland and Lomas 2008). In T. pseudonana, these 

linked cellular processes may not necessarily result in an overall TPC, even though each 

underlying step may be affected by temperature. Furthermore, it is known that NO3
- can 

be released shortly after it is assimilated, on timescales as short as hours (Mulholland 

and Lomas 2008). As such, it is possible that measuring the drawdown of dissolved 

NO3
- from the culture medium, is not a sensitive enough method to detect temperature 

effects on nitrate acquisition, due to the timescale over which the nutrient can be 

exported from the cell.  

2.4.3 Phenotype-dependent functional roles 

Defining the relationship between the TPCs of various FTs provides insight into how 

functional roles of different phytoplankton types can be altered under seasonal cycles in 
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temperature overlaid with climate variability. The oceanic province from which this 

strain originates (NAO) encounters substantial fluctuations in temperature. On an 

annual timescale, sea surface temperatures (SST) reach a maximum of ~25 °C and 

minimum of ~10 °C in boreal summer and winter, respectively (NOAA 2015, Reynolds 

and Smith 1995). Overlaying this annual temperature window (solid lines; Figure 2.7) 

on the TPCs of the various FTs obtained in this study, demonstrates why such a large 

degree of phenotypic plasticity is advantageous, enabling the survival of a single 

genotype over large temperature fluctuations. Under future ocean change, modelling 

suggests departures of up to +2 °C from present mean SST are expected by 2100 for the 

NAO province (Boyd et al. 2015). Under these new conditions, the annual temperature 

window becomes warm-shifted (broken lines; Figure 2.7) and a further separation 

between cell volume and frustule silicification occurs, along with a sharp decrease in 

primary productivity and overall fitness. 

The interaction between the two morphological traits measured along the temperature 

gradient, i.e., cell volume and frustule silicification, results in different diatom 

phenotypes (Figure 2.7) with potentially distinct functional roles. For example, at cold 

temperatures, where diatom frustules are thicker, the increased specific gravity and 

resistance to grazers (Raven and Waite 2004) may increase vertical export of C. In 

contrast, larger but thinner cells, that are more readily penetrated by grazers (Raven and 

Waite 2004) may increase the elemental residence times of C and Si in the euphotic 

zone through assimilation into grazer biomass (Hutchins et al. 1995). This may result in 

two alternative pathways: either the subsequent transfer of C and Si to higher trophic 

levels, or, its incorporation into fecal pellets, resulting in more rapid transfer to the 

ocean’s interior (Honjo et al. 2008, Hutchins et al. 1995). Together, these results 

demonstrate that temperature amongst other environmental factors can directly affect 

the biogeochemical fate of C and Si, through alterations in diatom morphology.  



Chapter 2 Functional traits TPCs in model diatom 

 51 

 

Figure 2.7 Thermal performance curves (TPC) of fitness (grey band) and other functional traits (FT) 
including primary productivity (green band), cell volume (blue band) and frustule silicification (red 
band) in the marine diatom T. pseudonana (CCMP 1335) originally isolated from the North Atlantic 
Ocean. Each confidence band represents the maximum likelihood estimate (MLE) with 95 % confidence 
intervals (CI), both estimated by parametric bootstrapping for each functional trait. Solid vertical lines 
correspond to the thermal window currently encountered in the North Atlantic Ocean (NAO) ranging 
from the minimum boreal winter temperature (~ 10 °C) and maximum boreal summer temperature (~ 25 
°C), both estimated from monthly sea surface temperatures for December 2014 and July 2015 obtained 
from NOAA. Broken line depicts predicted estimates of future mean sea surface temperature (SST) 
warming of the NAO (Boyd et al. 2015). 

2.4.4 Implications and future research directions 

Quantitatively, the most biogeochemically important phytoplankton belong to the 

centric diatoms, including genera such as Chaetoceros and Thalassiosira because 

together, they contribute almost a third of total biomass of marine diatoms, globally 

(Leblanc et al. 2012). Due to their high species diversity, phytoplankton blooms 

dominated by Thalassiosira spp. can occur worldwide, including in such locations as 

Antarctica, upwelling regions off the African coastline, and recurrent blooms in 

temperate and boreal regions (Leblanc et al. 2012, Schmidt and Schaechter 2012, 

Sorokin 1999). As evidenced by sediment trap records, these episodic, seasonal blooms 
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that often coincide with high nutrient concentrations, typically result in high vertical 

export (Honjo et al. 2008, Sarthou et al. 2005). If the TPCs of FTs in T. pseudonana 

(this study) are representative of the thermal response of the genus or centric diatoms as 

a whole, we anticipate that temperature-driven distributions of diatom phenotypes may 

differentially contribute to the regulation of C and Si, and subsequently, the marine food 

web and biological carbon pump.  

Firstly, our findings exemplify the need to better quantify the performance curves of 

specific functional traits so that we can make comparisons between their plasticity. This 

will increase our understanding of the capacity of specific taxa to physiologically adjust 

to changing ocean conditions and examine the implications of these phenotypic 

responses in current and future scenarios. Secondly, whilst diatoms play a significant 

role in marine biogeochemical functioning, they are not the only contributors to global 

elemental cycles and as a result, we suggest that similar studies should be conducted for 

model species of other functional types of phytoplankton (e.g. diazotrophs, calcifiers). 

This information is required in order to advance the understanding of the diversity of 

taxon-specific responses to temperature change and what implications this has on the 

biogeochemical fluxes that they regulate. Thirdly, current and future ocean global 

change is multifaceted and includes not only warming but also changes in CO2 

concentrations, nutrient and light availability, as well as the interactions between these 

environmental variables (Boyd et al. 2010). Taxon- and trait-specific performance 

curves are not restricted to temperature and can therefore be extended to all of the 

stressors mentioned above. Equally, it is not only the mean trajectory of these stressors 

that is changing in a future ocean but also increased variability. Multi-trait analyses over 

more resolved environmental gradients (e.g. twelve temperature treatments) replication 

provides a useful framework to advance understanding of how taxon-specific FTs will 

respond to complex ocean change. Finally, we have seen evidence that the distribution 

of phenotypes has changed over macro-evolutionary timescales (Finkel and Kotrc 

2010), suggesting that to predict the future functioning of the biological carbon pump 

and other biogeochemical processes we must consider adaptive constraints or trade-offs 

between these functional traits (Litchman et al. 2015). To explore this, evolutionary 

experiments (Huertas et al. 2011) could be combined with studies such as ours by 

incorporating longer timescales of exposure.   
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2.7 Supplementary Figures 

 

Supplementary Figure 2.1 Experimental setup of thermal gradient block. A temperature gradient was 
established across the aluminium block by circulating hot and cold water through milled channels at 
opposite ends of the block. 
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Supplementary Figure 2.2 Gating logic for flow cytometric analysis of SYTOX incorporation in the 
diatom T. pseudonana. Cells were discriminated based upon chlorophyll fluorescence (692/40 nm) and 
forward scatter (FSC) (A). Gates were set on these populations to account for any auto fluorescence in 
these channels using cells not incubated in the presence of the stain (B). Gates were then set on 
populations with cells incubated in the presence of the stain (C). Heat-killed cells incubated in the 
presence of the stain were used as a positive control (D).  

 

(A) 

(B) 

(C) 

(D) 
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Supplementary Figure 2.3 Gating logic for flow cytometric analysis of PDMPO incorporation in the 
diatom T. pseudonana. Standard fluorescent yellow-green beads (1 μm) were discriminated on 
fluorescence (530/40 nm) and forward scatter (FSC) (A). Cells were discriminated based upon 
chlorophyll fluorescence (692/40 nm) and forward scatter (FSC) (B). Gates were set on these populations 
to account for any auto fluorescence in the detection channel (469/29) with cells not incubated in the 
presence of PDMPO stain (C). Cells stained in the presence of PDMPO for 24 h (C). 

 

(A) (B) 

(C) 

(D) 
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3.1 Introduction 

Substantial changes in the present-day ocean are creating significant challenges for 

marine inhabitants such as phytoplankton (Boyce and Worm 2015, Boyd et al. 2010). 

Phytoplankton are microscopic primary producers that drift in sunlit surface oceans and 

play an integral role in many marine biogeochemical cycles including C, N and Si 

(Falkowski 2004). Being ectotherms, their underlying metabolism and therefore 

biogeography is largely determined by ocean temperature (Thomas et al. 2012), but see 

(Marañón et al. 2014). Warming oceans associated with increases in SST will indirectly 

affect phytoplankton communities by changing the physical ocean characteristics and 

mixing which, in turn, alter light and nutrient regimes in the upper ocean (Beardall and 

Raven 2004, Cubasch et al. 2001, Hobday et al. 2006). There is some evidence to 

suggest that direct effects of ocean warming may counteract these effects (Taucher and 

Oschlies 2011), as increases in SST may be associated with enhanced metabolic activity 

(Eppley 1972, Raven and Geider 1988, Toseland et al. 2013). However, the extent to 

which warming will prove beneficial to phytoplankton remains unknown, particularly 

when different species exhibit different physiological responses to temperature (Boyd et 

al. 2013)– increasing metabolism and growth in some species, whilst pushing others 

past their thermal limits. In this way, the direct effects of temperature can change 

phytoplankton ecology (including inter-specific competition, community composition) 

and have implications for the biogeochemical cycles that these microscopic organisms 

regulate (Beardall and Raven 2004, Dutkiewicz et al. 2013). 

Whilst the implications of increased SST on phytoplankton biogeography has been 

advanced by examining the effects of high temperatures on species fitness and 

community composition (Feng et al. 2009, Tatters et al. 2013), it remains unknown how 

the reorganisation of phytoplankton communities will affect primary productivity and 

other biogeochemical transformations (Dutkiewicz et al. 2013). To improve these 

predictions, it is important to parameterise and quantify how key phytoplankton FTs 

respond to bottom-up controls such as temperature (Finkel et al. 2009). Focusing our 

attention on the expression of FTs (adopting trait-based approaches; Litchman and 

Klausmeier, 2008) in key phytoplankton functional groups i.e., taxa that are known to 

be important contributors to specific elemental fluxes (Le Quere et al. 2005), is 

fundamentally important for these predictions.  
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FTs are considered to be physiological/phenotypic characteristics that determine the 

ecological or biogeochemical role of phytoplankton and are themselves regulated by 

their environmental surroundings (Litchman and Klausmeier 2008). Some FTs are 

universal because they apply across all phytoplankton species e.g. cell size, whereas 

others are unique to particular groups or functional types e.g. silicifying diatoms. By 

assessing how the expression of FTs change over environmental gradients (e.g. 

temperature), or, how different phenotypes emerge under different conditions, we can 

determine how the ecological and biogeochemical niches of phytoplankton are shaped 

by their surroundings and predict how these processes might change due to climate 

change.  

Diatoms are an example of a biogeochemically significant group due their integral role 

in the downward export of C (i.e., the delivery of organic C to the deep sea (Smetacek 

1985) and regulation of the marine Si cycle (Tréguer and De La Rocha 2013). Frustule 

silicification, the Si:C (atomic) composition of the diatom cell wall, is a diatom-specific 

FT that heavily influences penetrability by grazers, BSi production, degree of Si 

recycling in the surface ocean, increases ballast of vertical C export and the biochemical 

composition of organic matter transferred to higher trophic levels (Finkel et al. 2009, 

Raven and Waite 2004, Tréguer and De La Rocha 2013). In other biogeochemically 

important functional groups, such as the picoautrophs (Le Quere et al. 2005) that 

contribute up to 50% of the amount of C fixed in marine systems (Partensky et al. 

1999), cell size is a particularly important FT. This is because it is the smaller size of 

picoplankton that facilitates a competitive advantage against larger cells, in terms of 

nutrient acquisition and utilisation (among others; Raven 1998), but is also a universally 

important FT because it can be applied across all other phytoplankton types. Cell size 

governs numerous physiological and ecological processes, such as metabolism, nutrient 

requirements, light absorption, cellular composition and grazing pressure (Finkel et al. 

2009). Therefore, by tracking changes in the expression of universal and functional 

type-specific FTs across specific environmental gradients, we can better inform 

predictions in changes of the ecological role of phytoplankton and the transformation of 

elements (e.g. C and Si) carried out by phytoplankton.  

Some regions may be more affected by ocean warming than others (Bopp et al. 2013, 

Steinacher et al. 2010), for example, south eastern Australia, is a global hot spot for 
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increases in SST and stratification (Hobday et al. 2006, Ridgway and Hill 2009, Wu et 

al. 2012). Evidence suggests the strengthening of the EAC is responsible for the long-

term increases in temperature (+0.74 °C century-1) observed at Port Hacking PH100; 

one of the longest sampled coastal time-series stations in the southern hemisphere 

(Thompson et al. 2009). It is believed that these increased SST are responsible for the 

observed decline in relative abundance and shifts in the microphytoplankton 

composition over the most recently recorded decade (1998-2009; Ajani et al. 2014). 

Yet, it remains unknown what the FT characteristics of these resident phytoplankton 

communities are, or how these FT may be altered with further warming in this region.  

To assess the role of phenotypic plasticity in determining phytoplankton tolerance to 

ocean change and warming, we exposed a natural, temperate phytoplankton community 

collected from Port Hacking, NSW to a wide range of temperatures, spanning those 

encountered on inter-annual timescales and those more representative of oceanic 

heatwaves. Following an acute (24 h) exposure period, we then examined changes in 

FTs (magnitude and direction) of important phytoplankton functional groups, 

specifically diatoms and picoautotrophs, in order to examine the direct and acute effects 

of temperature on C and Si transformations.  
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3.2 Methods and Materials 

3.2.1 Sample collection and experimental setup 

In October 2015, a mixed phytoplankton community was collected aboard the RV 

Bombora from surface waters (5 m depth) at the Port Hacking National Reference 

Station (PH100; as part of the NSW Integrated Marine Observing System; IMOS), 

approximately 3 nautical miles southeast of Sydney, Australia (151.2190 °E, - 34.1160 

°S; Figure 3.1). The initial physicochemical properties of the seawater were 

characterised by temperature and dissolved nutrients, with the latter estimated following 

the protocol of Critchley (2012). The resident phytoplankton community was described 

by the rate of community Cfixation and BSi production, as well as standing stock of 

chlorophyll (Table 3.1). 

To represent in situ conditions in surface waters (5 m depth), light (200 μmol photons 

m-2 s-1) was provided by an array of LEDs (Schenzen Cidly Group, China) set to a 12 h 

light: 12 h dark cycle, incident from above and synchronised to the onset of natural 

dawn and dusk. The incubation irradiance was chosen from a RLC conducted using a 

FRRf (Soliense Inc., United States of America) on seawater samples and determined to 

be saturating (but not inhibitory) for photosynthesis. Seawater samples (40 mL) in soda 

glass test tubes were placed into an aluminum temperature gradient block for a 24 h 

incubation period. The temperature treatments included 15, 19, 24, 26, 30 and 32 °C; 19 

°C was used as the control, representing ambient temperature conditions. Temperature 

treatments were selected based on annual temperature range recorded for PH100, ~15-

24 °C (Thompson et al. 2009) as well as those expected to induce thermal stress (>24 

°C) to mimic extreme events (e.g. heatwaves). Volumes at each temperature were then 

subsampled and analysed to characterise the FT response of the whole phytoplankton 

community (primary productivity and photophysiology) and the whole diatom 

community (BSi production). Flow cytometry was then used to two universally 

important phytoplankton groups (Synechoccus spp. and Prochlorococcus spp.) in the 

picoplankton fraction and diatoms in the nanoplankton fraction. Universal (growth rate 

and cell size) and diatom-specific FTs (frustule silicification) were measured as 

described below.  
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3.2.2 Assessment of community functional traits 

3.2.2.1 Primary Productivity 

To estimate primary productivity across the temperature gradient, C fixation rates were 

measured using 14C-labelled bicarbonate in small volume incubations as described in 

(Doblin et al. 2011). Specifically, radiolabeled NaH14CO3 (stock solution 1.85 x 107 

Bq) was added to 5 mL of seawater in soda glass bottles (1.5 μCi per tube) and 

incubated in the thermal gradient block for 60–80 min under the growth irradiance. 

Activity in the samples was determined by removing a 100 μL aliquot from a randomly 

selected tube from each of six temperatures and placing it into 5 mL of refrigerated 0.1 

M NaOH, adding 10 mL scintillation fluid (Ultima GoldTM, Perkin Elmer) and shaking 

before counting using a liquid scintillation counter (Packard TriCarb 2900 TR). Each 

temperature contained a dark sample wrapped in aluminum foil to quantify C fixation in 

the dark and was also incubated for 60-80 min. Following incubation, tube contents 

were transferred to scintillation jars, acidified with 250 μL 6 M HCl and shaken on an 

orbital shaker for 12 h to remove inorganic 14C. Scintillation fluid (10 mL Ultima 

GoldTM; Perkin Elmer) was then added to each sample, vigorously shaken and left for 3 

h before counting. Counting time was set to 10 min so that counts were within a 5% 

counting error.  

3.2.2.2 Photophysiology  

We applied FRRf to assess the electron transport kinetics of photosystem II (PSII) at 

each temperature. Samples (2 mL) were harvested following the 24 h incubation period 

and measurements were made on each sample immediately after being removed from 

the temperature block at the end of the 12 h dark cycle. The first measurement was 

performed in the dark (to allow down-regulation of very fast relaxing non-

photochemical quenching) and actinic white light at the incubation irradiance intensity 

(200 µmol photons m-2 s-1) was supplied by a white LED for 1 min and measurements 

performed at 20 s intervals during the actinic light exposure. The last measurement of 

each set was used in further calculations of photochemical efficiency. A FRRf (Soliense 

Inc., United States of America) supplied single-turnover excitation flashlets (of 1.1 µs 

duration) at 450 nm at a rate of 2 µs to achieve full saturation of PSII reaction centers 

followed by longer intervals of 100 µs to allow relaxation and re-oxidation of QA. 
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Profiles of the fluorescence emission were fitted within the FastPro8 software (v. 

1.0.55; Chelsea Technologies) to the Kolber-Prasil-Falkowski (Kolber et al. 1998) 

model to yield the minimum (FO or F’) and maximum fluorescence (FM or FM’), and 

reoxidation kinetic of QA (τ; µs). Values for the photochemical efficiency (ΦPSII; 

dimensionless) were calculated from these parameters as (FM-FO/FM) or (FM’-F’/FM’) 

for light adapted samples. Sample filtrate (after filtration through 0.2 μm Millipore 

syringe filters) was also measured in the FRRf to account for background fluorescence. 

The data were visually inspected to ensure no fluorescence induction in the filtrate 

(indicating an absence of phytoplankton) and the mean FO and FM of the filtrate was 

averaged into a single value to be subtracted from all FO (or F’) and FM (or FM’) values. 

3.2.3 Biogenic silicon production 

PDMPO incorporation was used as a proxy of BSi production as described in Leblanc 

and Hutchins (2005). Briefly, volumes of seawater (120 mL, n =3) were added to 

polycarbonate bottles and incubated in the presence of PDMPO (0.125 μM final 

concentration) in a laboratory incubator set to 19±0.5 °C for 24 h. In order to assess the 

effects of temperature on community BSi production, seawater volumes of 40 mL were 

trialed in the thermal gradient block (0.125 μM; 24 h). Incubations were terminated by 

filtering samples onto 45 mm diameter, 0.6 μm porosity, polycarbonate filters 

(Millipore, USA). Filters were washed thoroughly with filtered seawater (0.2 μm, 

Millipore syringe filters) to remove any residual fluorescent stain and then stored at -20 

°C in 15 mL centrifuge tubes until analysis (within 3 months). Community-based 

PDMPO analysis was carried out per the methods of Leblanc and Hutchins (2005). To 

convert quantitative PDMPO incorporation to BSi production, we used the 

recommended linear relationship of BSi: PDMPO = 912.6 × [Si(OH)4], from McNair et 

al. (2015). 

3.2.4 Diatom-specific frustule silicification  

Unlike traditional methods for studying Si biogeochemistry which involve 

determination of bulk parameters such as BSi stocks (Krause et al. 2011), recent 

advances in fluorescent tracers have provided the opportunity to assess frustule 

silicification at the cellular level in natural diatom communities and provide a proxy for 

BSi production (Leblanc and Hutchins 2005, Shimizu et al. 2001). Only a small number 

of studies have attempted to track PDMPO incorporation with flow cytometry (Baker et 
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al. 2016, Durkin et al. 2012) but in doing so have provided measures of cell-specific 

frustule silicification.  

In this study, volumes of seawater (40 mL) were added to soda glass bottles incubated 

in the presence of the fluorescent label PDMPO (Lysosensor Yellow/Blue DND-160, 

ThermoFisher Scientific, Australia), along with a control samples that did not contain 

the stain (to quantify background fluorescence), following the labeling protocol of 

Leblanc and Hutchins (2005). Briefly, cells were incubated in the presence of the dye 

(final concentration 0.125 μM) along with a control sample that did not contain 

PDMPO (to quantify background fluorescence) at experimental conditions for 24 h.  

For identification of small diatoms within the nanoplankton community as well as cell-

specific frustule silicification/PDMPO incorporation, volumes (2 mL) were subsampled 

from incubation bottles following 24 h incubation, preserved in glutaraldehyde (1% 

final concentration), cryopreserved in liquid nitrogen, and stored at -80 °C until analysis 

(within one month). Volumes (1 mL) of each sample were enumerated flow 

cytometrically (BD Influx, Becton Dickinson, Brussels, Belgium). Pico- and nano-

phytoplankton populations were first discriminated on biplots of phycoerythrin (580/30 

nm) and chlorophyll (692/20 nm) fluorescence. Diatoms were then distinguished as 

PDMPO-positive cells (control samples used to set baseline fluorescence in UV 

channel) where the relative fluorescence of incorporated PDMPO was normalised to an 

internal standard of yellow-green fluorescent beads (1 μm, ThermoFisher Scientific, 

Australia) at UV excitation of 355 nm and blue fluorescence at 469/29 nm.  

3.2.5 Cell-specific functional traits of the pico- and nano-phytoplankton 
community  

To discriminate target populations, namely Synechococcus spp., Prochlorococchus spp. 

and small (<20 μm) diatoms (PDMPO positive cells) within the pico- and nano-

plankton community, and determine cell abundance at T0 and T24 (A0 and A24, 

respectively), volumes of 2 mL were subsampled from incubation bottles, preserved in 

glutaraldehyde (1% final concentration) and flash frozen in liquid nitrogen, and stored 

at -80 °C until analysis (within one month). Volumes (1 mL) of each sample were 

enumerated on a flow cytometer (BD Influx, Becton Dickinson, Brussels, Belgium) 

enriched with known concentrations of 1 μm yellow green beads (Thermofisher 

Scientific, Australia) to enumerate cell abundances (for growth rate calculations) and 
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relative cell size (forward scatter; FSC) of each target population (discriminated as 

described above). Specific growth rates for each phytoplankton group were calculated 

assuming exponential growth as (ln A0 - ln A24)/T where T is incubation time.  

3.2.6 Data Analysis  

For each FT (primary productivity, photophysiological parameters, growth, PDMPO 

incorporation, cell size), data were tested for normality and homogeneity of variance 

before performing statistical analysis. The effect of temperature on the FT response 

were analysed using one-way repeated-measured analysis of variance (ANOVA) as in 

(Wilson, 2001) and differences were accepted as significant at p <0.05.  
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Figure 3.1 Sampling location of source water collected from Port Hacking National Reference Station 
(PH100) at 151.2190 E, 34.1160 S: approximately 3 nautical miles off the coast of Sydney, NSW, 
Australia. (Figure credit: V. van Dongen-Vogels) 
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3.3 Results 

3.3.1 Physicochemical and biological characterisation of Port Hacking 

Physicochemical characteristics of Port Hacking surface water during October 2015 fell 

within typical values for this time of year (Thompson et al. 2009) with low 

concentrations of dissolved phosphate (0.13 μmol L-1), silicate (0.6 μmol L-1), 

ammonium (0.08 μmol L-1) and nitrate, present in concentrations below instrument 

detection (≤0.2 μmol L-1) (Table 3.1). Biological characterisation of the initial 

phytoplankton community indicated that picophytoplankton comprised approximately 

50% of the total biomass present (Chl a m-3; Table 3.1). Similarly, size-fractionated net 

primary production (NPP) incubated under in situ conditions indicated that the 

picophytoplankton dominated whole community production, being responsible for 

approximately 66% of the total (Table 3.1). Community BSi production was estimated 

to be 1.43±0.2 μmol Si L-1 d-1 (Table 3.1). 

 

Table 3.1 Physicochemical and biological characteristics of seawater collected from surface waters (5 m) 
of PH100. Where applicable, rates were obtained during daily incubation at in situ temperature and light 
characteristics. Where available, error is the standard deviation from n=3 replicates. 

Physicochemical characteristic  units 

Temperature   19  °C 

Nitrate   <0.02  μmol L-1 

Ammonium  0.08  μmol L-1 

Silicate   0.6  μmol L-1 

Biological characteristics Total 
Population  

Picophytoplankton   

Net Primary Production  ±0.69 20.18  mgC m-3 d-1 

Chlorophyll a 0.75 0.39  mgChl a m-3 

Biogenic silicon production 1.43±0.2 - μmol Si L-1 d-1 
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3.3.2 Thermally induced changes in functional traits of community  

FTs at the community-level (photophysiology and primary productivity) showed 

differential responses to cooling and warming conditions. The responses of the 

photosynthetic parameters of the whole phytoplankton community are presented in 

Table 3.2. After exposure to the experimental temperatures, FV/FM was similar across 

all treatments (Table 3.2; One-way RM ANOVA; p >0.05), indicating photosynthetic 

efficiency of PSII was unaffected by temperature or not temperature dependent 

(Davison 1991, Raven and Geider 1988). In contrast, the proportion of energy directed 

towards photochemistry was affected by high temperatures, as values of ΦPSII were 

significantly reduced at 30 and 32 °C in comparison to control temperature (Table 3.2; 

One-way RM ANOVA; p <0.05). Similarly, these high temperature effects were 

mirrored in values of ETR through PSII (ETRPSII), whereby values of ETRPSII at 30 and 

32 °C were significantly reduced by 42 and 70%, respectively (Table 3.2; One-way RM 

ANOVA; p <0.05). Whilst high variability within replicates meant there were no 

significant differences in non-photochemical quenching (NPQ) between individual 

treatments, when all treatments were considered together, a strong and significant (R2 

=0.66, p =0.003) decrease with increasing temperature was observed. Reoxidation of 

QA(τ) was reduced at cold temperatures (15 °C; 1199 μs) and more rapid at high 

temperatures (32 °C; 200 μs), reflecting a slowing of downstream electron transport at 

temperatures below the control (-4 °C) and acceleration at temperatures above the 

control (+13 °C) (Table 3.2; One-way RM ANOVA; significant difference between 19 

and 15, 32 °C, p <0.05).  
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Figure 3.2 Gross primary productivity of surface (5 m depth) phytoplankton 
community at Port Hacking, NSW (PH100) sampled in October 2015 as a function of 
temperature. Symbols represent mean and error bars are the standard error of the mean. 
Letters above symbols indicate statistically significant difference between treatments 
identified by Tukeys’s honest significant difference (HSD) test p <0.05. 
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Table 3.2 Photosynthetic parameters of the phytoplankton community sampled from surface waters (5 m depth) of Port Hacking, NSW (PH100) and incubated at various 
temperatures for 24 h at 200 mol photons m-2 s-1. Shown are FV/FM (maximum quantum yield; dimensionless), ΦPSII (photochemical efficiency; dimensionless), ETRPSII 
(electron transport rate through photosystem II; μmol ē h-1), NPQ (non-photochemical quenching; dimensionless), and τ (reoxidation time of QA; μs). Those in bold 
indicates that there is significant difference (p <0.05) between the assay temperature and ambient control (19 °C). Values given are the means, and values in parentheses are 
the standard error of the mean of measurements made on triplicate samples. 

 

Temperature FV/FM p values ΦPSII p values ETRPSII p values NPQ p values τ p values 
15 0.395 (0.01) 0.995 0.137 (0.01) 0.979 23 (1.6) 0.979 0.304 (0.18) 0.946 1199 (82) 0.004 
19 0.405 (0.02) - 0.138 (0.01) - 24 (0.9) - 0.181 (0.02) 0.923 859 (68) - 
24 0.437 (0.02) 0.994 0.131 (0.01) 0.784 22 (1.5) 0.784 0.181 (0.06) 0.551 927 (51) 1.000 
26 0.421 (0.02) 0.999 0.126 (0.01) 0.596 21 (1.5) 0.597 0.136 (0.03) 2.026 956 (60) 0.641 
30 0.338 (0.04) 0.767 0.084 (0.01) 0.006 14 (1.2) 0.007 0.049 (0.04) 2.030 751 (5) 0.400 
32 0.247 (0.08) 0.106 0.038 (0.02) <0.001 7 (2.6) <0.001 0.008 (0.01) 2.420 200 (0) <0.001 
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The deviations in τ values observed at the coldest and hottest temperatures coincided 

with the lowest rates of gross primary production (GPP) at 15 and 32 °C, respectively 

(Figure 3.2). At these temperature extremes, GPP was reduced by approximately 40% 

in comparison to ambient temperatures (Figure 3.2; One-way RM ANOVA; significant 

difference between 19 and 15 °C; p =0.039, and 32 °C; p =0.001). In contrast, greatest 

GPP occurred at 24 °C (control +5 °C) with rates of 5.98±0.42 mg C m-3 h-1, 1.5 times 

higher than the rate at the control temperature (Figure 3.2; One-way RM ANOVA; 

significant difference between 19 and 24 °C, p =0.014).  

3.3.3 Temperature effects on pico- and nano-phytoplankton composition 

Initially the phytoplankton community was numerically dominated by Synechococcus 

spp. and Prochlorococcus spp. (Figure 3.3), with the relative abundance of the 

picocyanobacteria constituting 46±0.3 and 41±0.6% respectively of the total pico- and 

nano-plankton (<20 μm) community (One-way ANOVA; no statistical difference at T0, 

p =1). Following 24 h incubation at control conditions (19 °C), the abundance of 

Synechococcus spp. and pico-eukaryotes remained within range of the initial 

concentrations (Figure 3.3; One-way ANOVA; no statistical difference between T0 and 

T24, p =0.1 and p =1, respectively). However, unlike at T0, Synechococcus spp. were 

more abundant relative to Prochlorococcus spp. and eukaryotic cells in the <20 μm 

fraction at T24, increasing in relative abundance from 41±0.6 to 61±1% (Figure 3.3).  

Warming, but not cooling, induced shifts in the composition of the <20 μm 

phytoplankton community but did not affect populations equally, increasing the relative 

abundance of some populations but decreasing the abundances of others. At cool 

temperatures (control –4 °C) of 15 °C, the relative abundances of Synechococcus spp., 

Prochlorococcus spp. and eukaryotes (<20 μm) were comparable to control conditions 

(Two-way RM ANOVA; no statistical difference at T24 between 15 and 19 °C, p >0.05 

for each population). The Prochlorococcus population appeared to be the most affected 

by warming temperatures, whereby a decrease in abundance was observed at 

temperatures of 24 °C and above; with a 12±2 to 13±2% reduction at intermediate (24 

and 26 °C, respectively) temperatures and a 19±2 and 20±3% reduction at high (30 and 

32 °C) temperatures (Two-way RM ANOVA; statistical difference at T24 between 19 

and 24 °C; p =0.002, 26 °C; p <0.001, 30 and 32 °C; p <0.001). The relative abundance 

of eukaryotes in the <20 μm fraction (including small diatoms detected using PDMPO) 
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were only negatively impacted by high temperatures (30 and 32 °C), declining in 

abundance by 11±2% (Two-way RM ANOVA; statistical difference between 19 °C 

control and 30, 32 °C treatments, p <0.001). In contrast, the abundance of 

Synechococcus spp. increased with increasing temperatures, coinciding with the 

decrease in the relative abundance of Prochlorococcus spp. and eukaryotes in the <20 

μm fraction (including diatoms). At intermediate (24 and 26 °C) temperatures, 

Synechococcus spp. increased by 11±2% (relative to the control) and at high (30 and 32 

°C) temperatures, constituted between 80±1 to 90±1% of the total pico- and 

nanophytoplankton community (Two-way RM ANOVA; statistical difference at T24 

between 19 and 24 °C; p =0.004, 26 °C; p =0.003, 30 °C; p <0.001, and 32 °C; p 

<0.001).  

 

 

Figure 3.3 Community composition of the initial in situ Port Hacking (PH100) phytoplankton in the <20 
μm fraction as determined by flow cytometry using cell-specific phycoerythrin fluorescence and forward 
scatter (FSC) properties: Synechococcus spp. (white bars), Prochlorococcus spp. (grey bars) and 
eukaryotes (black bars), as well as the community composition after 24 h at different assay temperatures. 
Note log scale on y-axis. 
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3.3.4 Temperature effects on universal functional traits measured in pico- and 
nano-phytoplankton 

Incubation temperature also affected FTs at the population-level, reflecting the results 

obtained for FTs at the community-level. Whilst the traits measured were universal (i.e. 

growth rate and cell size), temperature was observed to exhibit population-specific 

changes in these FTs. For example, in eukaryotes from the <20 μm fraction, growth was 

comparable over a wide (10 °C) temperature range, with an average growth rate of 

1.2±0.3 d-1 between 15 and 26 °C (One-way RM ANOVA; no statistical difference 

between 15, 19, 24 and 26 °C, p >0.3), but there was no growth at high temperatures of 

30 °C or above, except for an outlier (0.27 d-1) in the 30 °C treatment (Figure 3.4a). 

Similarly, the average cell size of eukaryotes from the <20 μm fraction remained 

relatively unaffected by temperature, no change in FSC was observed at intermediate 

temperatures (between 19 and 26 °C) but was reduced by 5% when incubated at colder 

temperatures (Figure 3.4a; One-way RM ANOVA; statistical difference between 15 

and 19 °C, p <0.02).  

The thermal niche of Prochlorococcus was similar to eukaryotes in the <20 μm fraction, 

with an average growth rate of 1.7±0.2 d-1 between 15 and 26 °C, and no growth 

observed at 30 or 32 °C (Figure 3.4b; One-way RM ANOVA; no statistical difference 

between 19 and 15, 24, 26 °C). At colder temperatures, however, and unlike small (<20 

μm) eukaryote cells, a 25% increase in cell size (FSC) was observed in the 

Prochlorococcus population (One-way RM ANOVA; statistical difference between 15 

and 19 °C, p <0.02). In contrast, Synechococcus spp. Were observed to have the highest 

growth rates and greatest thermal limit of the pico- and nano-phytoplankton populations 

measured. A wide thermal niche for both FTs was observed in Synechococcus spp., with 

growth and cell size being consistent between 15 and 30 °C with an average growth rate 

of 2.2±0.0 d-1. These Synechococcus related FTs were only affected at the hottest 

temperature measured (32 °C), whereby growth rates were reduced by 33±10% and cell 

size increased by 22±8% (Figure 3.4c; One-way RM ANOVA; statistical difference in 

growth and cell size between 19 and 32 °C, p =0.01 and p =0.03, respectively).  

Together these results show population-specific responses to temperature and different 

allometric relationships of prokaryotic and eukaryotic cells, with the relative change in 

cell size being greater for the picocyanobacterial communities. This is because, firstly, 
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the average cell size of the picoeukaryote and picocyanobacteria communities became 

smaller and larger, respectively, when exposed to temperatures that are inhibiting for 

growth (at both cold and hot extremes). Secondly, under inhibiting growth temperatures 

the average cell size (FSC) of Prochlorococcus spp. and Synechococcus spp. changed 

by 26±3 and 21±8%, respectively whereas the size of eukaryote cells from the pico- and 

nanophytoplankton fraction only shifted by 3±0.1%.  

  



Chapter 3 Thermal FT plasticity in natural phytoplankton community 

 80 

 

 

Figure 3.4 Growth rate (d-1) and change in relative cell size (estimated from forward angle light 
scattering; FSC) from T0 (%) of the (a) small (<20 μm) eukaryotes, (b) Prochlorococcus spp., and (c) 
Synechococcus spp surface (5 m depth) populations at Port Hacking (PH100) after 24 h of exposure to a 
range of temperatures. Growth rate was calculated as the difference in cell abundance (using counts 
obtained by flow cytometry) between initial (T0) and final (T24) for each plankton group. Changes in cell 
size measurements were calculated as the difference of average bead-normalised FSC between initial (T0) 
and final (T24) for each plankton group, obtained via flow cytometry. Each symbol represents an 
individual replicate with the colour of the symbols reflecting the temperature treatment: 15 °C (cold; dark 
blue), 19 °C (control; light blue), 24 and 26 °C (intermediate; yellow), and 30 and 32 °C (hot; red). 
Where symbols are absent, positive growth was not observed. 
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3.3.5 Temperature effects on diatom specific functional traits 

At the community-level, BSi production by small diatoms (<20 μm) increased 

significantly with decreasing growth, and was reduced at high temperatures that were 

found to be inhibiting for growth (negative values; Figure 3.5). This relationship 

remained true when all temperatures were considered (i.e., negative growth rates 

included; R2 =0.69, p <0.001; Figure 3.4) or temperatures inhibiting for growth 

excluded (R2 =0.73, p <0.001; 30 and 32 °C). Under temperatures that supported growth 

(<30 °C), BSi production was equivalent to 754 RFUs L-1 d-1.  

 

Figure 3.5 Biogenic (BSi) production of small diatoms (<20 μm) from the surface Port Hacking pico- 
and nano-phytoplankton communities collected in October 2015. BSi production was estimated by 
multiplying cell-specific bead-normalised PDMPO fluorescence (i.e., the relative amount of silicon 
deposited) by abundance of PDMPO positive cells (i.e., the number of actively depositing cells). Growth 
was assumed to be equivalent to division rates of eukaryotes in the <20 m fraction and was calculated 
as the difference in cell abundance (using counts obtained by flow cytometry) between initial (T0) and 
final (T24). Each symbol represents an individual replicate with the colour of the symbols reflecting the 
temperature treatment: 15 °C (cold; dark blue), 19 °C (control; light blue), 24 and 26 °C (intermediate; 
yellow), and 30 and 32 °C (hot; red). Broken line represents the maximum likelihood estimate of linear 
regression (R2 = 0.69, p <0.001).  

BSi production was still observed in samples exposed to lethal temperatures i.e., 

temperatures equal to or greater than 30 °C, indicating that Si deposition processes were 

active in non-dividing cells. Indeed, at the cellular-level, diatoms were fourfold more 

silicified under high temperatures but not growing (Figure 3.6; One-way RM ANOVA; 

statistical difference in between 30 and 32 °C, and 15, 19, 24 and 26 °C, p ≤0.046). As a 
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result, at the community level, relative BSi production was reduced by ~85% because a 

significantly smaller fraction of the diatom community was responsible for Si 

deposition, amounting to approximately 25 cells L-1 at 30 and 32 °C compared to ~175 

cells L-1 between 15 and 26 °C (Figure 3.6; One-way RM ANOVA; statistical 

difference in between 30 and 32 °C, and 15, 19, 24 and 26 °C, p ≤0.002). In contrast, at 

temperatures supporting growth (between 15 and 26 °C) the frustule silicification of 

small diatoms (<20 μm) remained similar (Figure 3.5).  

 

 

Figure 3.6 Abundance of and cell-specific silicon (Si) deposition by diatoms from the pico- and nano-
phytoplankton (<20 μm) fraction of seawater samples sampled from Port Hacking (PH100). Both 
parameters were obtained using flow cytometry whereby diatoms were first distinguished as PDMPO 
positive cells and then counted. Si deposition was calculated as cell-specific bead-normalised PDMPO 
fluorescence. Symbols represent the mean of triplicate samples and the error is the standard error of the 
mean. 
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For the diatom community, quantitative assessment of community PDMPO 

incorporation was only possible for source water because samples along the temperature 

gradient were below the instrument detection. This was likely due to small volumes (40 

mL) of seawater used. However, under in situ temperatures of 19 °C where larger 

incubation volumes (120 mL) were used, we obtained rates of BSi production of 

1.43±0.2 μmol Si L-1 d-1 (Table 3.1). Assuming the linear relationship between 

temperature and BSi production observed for the <20 μm fraction extends to the whole 

community, we would anticipate rates of BSi production to be approximately 0.99 ±0.4 

μmol Si L-1 d-1 at 15 °C and 0.21 ±0.1 μmol Si L-1 d-1 at 30 °C.   
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3.4 Discussion 

Examining the direct effects of temperature on key physiological responses of natural 

phytoplankton provides insight into present-day thermal limits, potential changes under 

future warming and what implications these shifts have for the ecological and 

biogeochemical niches that phytoplankton populations occupy (Hofmann and Todgham 

2010, Litchman and Klausmeier 2008). In this study, we find a considerable degree of 

thermal plasticity in a temperate, natural phytoplankton community whereby warming 

actually enhanced primary productivity – probably as a result of enhanced metabolic 

activity. Our results coincided with an in vitro reorganisation of the underlying 

community structure over an acute timescale (hours-days), with Synechococcus spp. 

being most tolerant, and Prochlorococcus spp. being the most sensitive to short-term 

warming. These findings are consistent with forecasts of ‘winners’ and ‘losers’ under 

global change (Doney et al. 2012, Dutkiewicz et al. 2013). Cooling rather than warming 

appeared to have a more significant effect on FTs, notably though, the emergence of 

‘cool phenotypes’ associated with these conditions differed between populations. 

Overall, our results suggest a high degree of FT plasticity is present in extant 

phytoplankton at both the community- and population-levels, with wide thermal niches 

of many FTs including primary productivity, BSi production, photophysiology, growth 

rate, cell size and frustule silicification. 

3.4.1 Thermal responses of community-level functional traits and implications on 
biogeochemical cycling of carbon and silicon 

Tracking changes in community-level FTs such as primary productivity, 

photophysiology and BSi production over a transient thermal gradient provided insight 

into how changes in mean SST are likely to affect ocean biogeochemistry in this region. 

While this study only considered timescales that involve short-term responses (hours-

days) of phytoplankton to temperature, it potentially yields some useful insight into 

whether longer-times of acclimation and adaptive evolution will be important. Our 

experimental results suggest that the projected long-term increase in mean SST for the 

region (+2-3 °C; Wu et al. 2012) superimposed over the average temperature for spring 

(21 °C) and summer (24 °C) at Port Hacking (Thompson et al. 2009) are likely to have 

undetectable effects on the physiological processes of the resident phytoplankton that 

regulate C and Si biogeochemical processes.  
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At the community level, we would expect comparable light harvesting and utilisation 

because changes in photophysiological parameters and carbon fixation (GPP) under 

predicted mean temperature conditions of the future were only reduced at temperatures 

of 30 °C or above (Figure 3.2), noting, however, that there may be changes in 

respiration that influence NPP. Similarly, we would anticipate no significant change in 

primary productivity by Synechococcus spp. and Prochlorococcus spp. because C 

fixation scales with biovolume (Binder et al. 1996, Huete-Ortega et al. 2012) and we 

observed similar cell sizes over a wide temperature range (between 19 and 26 °C; 

Figure 3.3). 

Unlike the physiological processes regulating C transformations, phenotypic traits of 

diatoms mediating Si cycling in this temperate region are likely to be impacted by 

warming SST but could only be detected at the community-level (i.e. BSi production) 

and not at the cell-specific level (i.e., frustule silicification; Baker et al. 2016). It is 

likely that small changes in growth rate and frustule silicification, whilst undetectable in 

individual cells (up to 30 °C; Figure 3.4 and Figure 3.6), together culminated in the 

decrease of BSi production at temperatures above (or below) ambient (Figure 3.5). This 

indicates that non-significant changes in FTs at the cellular-level can have detectable 

effects on processes at the community-level. Whilst we could not estimate rates of BSi 

production over a temperature gradient (as intended) because the whole community 

samples were below the instrument detection limit, these population-specific results 

nevertheless provide insight into the role temperature plays in diatom physiology and in 

turn, mediating the marine Si cycle.  

The most significant temperature effects on physiological processes that play a role in 

the biogeochemical cycling of C and Si at the community- and population-level (<20 

μm size fraction) occurred at temperatures well above those exposed to on current 

annual timescales or increases in mean SST anticipated for SE Australia. For example, 

it is only at temperatures of 30 °C and above where deleterious effects on growth rate 

(Figure 3.4), GPP (Figure 3.2) and photophysiology (Table 3.2) occur. However, our 

short-term experiments (24 h exposure) may not provide a complete picture of changes 

that occur over long-term timescales. For example, locally at Port Hacking, it is 

hypothesised that decadal changes in abiotic factors, specifically a decline in silicate 

concentration, has given rise to small and lightly silicified diatom species over the past 
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two decades (Thalassiosira cf. partheneia; Ajani et al. 2014). The presence of this 

species may be indicative of natural selection and species sorting (replacement) that 

might occur as a response to changing environmental conditions, giving rise to species 

that are better adapted to warmer, low Si conditions (Litchman et al. 2012). In light of 

these observations, it is possible that species adapted to warmer temperatures may 

become more dominant and replace more temperate species, as has been reported at 

PH100 for other functional groups such as diazotrophs (Ajani et al., 2014). In view of 

the oceanographic changes occurring in the region, i.e., increased southwards extension 

of the EAC, potential changes in meso-scale eddy formation and thermal stratification 

(Hobday et al. 2006), high-temperature diatom phenotypes, like those observed for 

other taxa (Mackey et al. 2013, Moore et al. 1995), may be delivered to, or become 

more competitive in this region.  

Finally, given the length of the temperature exposure used in this study is relatively 

short (24 h), it remains unclear whether or not the rates of change reported here may 

under-/over- estimate the capacity for thermal acclimation of these biological processes 

(Schulte et al. 2011). For example, in other marine ectotherms such as salmon, the 

thermal optimum for metabolism can change depending on the prior exposure to 

temperature (Eliason et al. 2011). Whilst similar studies have not been performed with 

phytoplankton, it is possible that the temperature effects presented here may only be 

representative of the spring phytoplankton community, and the phytoplankton would 

respond differently in summer following seasonal acclimation to warming.  

3.4.2 Temperature-specific phenotypes and divergence within and between 
phytoplankton functional groups 

In this study, we find evidence to support the occurrence of temperature-specific 

phenotypes in natural phytoplankton communities, reflecting findings previously 

observed in the laboratory on temperate-diatom monocultures (Baker et al. 2016). At 

temperatures below ambient for spring, we observed the emergence of ‘cool 

phenotypes’ that were characterised by smaller cells (compared to ambient 

temperatures) in the small diatom-containing pico- and nano-eukaryote population 

(Figure 3.4a). However, the magnitude and direction of FT change was not consistent 

across all populations because ‘cool phenotypes’ were larger in size than the 

Synechococcus and Prochlorococcus populations (Figure 3.4b, c). These results 
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indicate, while cell size itself is a universal FT (Finkel et al. 2009), the magnitude and 

direction of change for equivalent departures in temperature may not be, suggesting the 

physiological mechanisms underlying these changes are population-specific. Hence it is 

important that trait changes be assessed at the taxon-specific level, because ultimately 

these trait differences may drive interspecific differences in response to stress (Mouillot 

et al. 2013).  

Diversity in thermally-induced physiological responses was also evident within the 

prokaryotic picophotoautotrophs. Contrary to predictions of Flombaum et al. (2013), we 

find Synechococcus (rather than Prochlorococcus) demonstrated a competitive 

advantage at temperatures above in situ. These differences may be due to the fact that 

niche model estimates are based on observations of current abundance and distributions, 

and do not take in consideration physiological acclimation strategies, like those 

presented here. Indeed, Synechococcus sp. have been shown to outcompete 

Prochlorococcus sp. under climate change scenarios, when acclimation strategies are 

taken into account (Fu et al. 2007). The success of Synechococcus spp. are likely a 

combination of decreased abundance of other taxa resulting in reduced competition for 

resources (e.g. light and nutrients), as well as the possession of characteristics that 

enable success under warming temperatures, e.g. high growth rates and photosynthesis. 

For example, laboratory experiments have demonstrated that some ecotypes of 

Synechococcus spp. have a relatively high thermal optimum of approximately 27-28 °C 

(Mackey et al. 2013, Moore et al. 1995), whereas strains of Prochlorococcus show 

inhibition of growth above 25 °C (Moore et al. 1995). Additionally, it has been 

demonstrated that the ability of Synechococcus spp. to balance growth and 

photosynthesis over such a wide range of temperatures may be mechanistically 

supported by dynamic regulation of photosynthetic machinery (and associated proteins), 

which it turn, facilitate a broad biogeographical distribution (Mackey et al. 2013). These 

thermal thresholds may explain why warming may differentially stimulate these two 

marine picocyanobacteria, whereby high temperatures favor the growth of 

Synechococcus spp. (Fu et al. 2007).   
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3.4.3 Implications and further directions 

Through a trait-based approach, we have shown the direct effects of short-term changes 

in temperature can reorganise phytoplankton composition in vitro, alter phytoplankton 

phenotypes and change rates of phytoplankton mediated biogeochemical processes such 

as BSi production. In the ocean region examined in this study, increases in average SST 

(+2 °C) are likely to have small, undetectable effects on the biogeochemical cycles 

mediated by resident shelf phytoplankton and may not be representative of other 

temperate regions. However, it is likely that ocean heatwaves (e.g. spring ambient +11 

°C, the highest temperature treatment in this study), although rare, will have significant 

implications on the structure of resident phytoplankton communities and their FTs and 

hence biogeochemical roles.  

Under these ocean heatwave (+11 °C) scenarios, the physiological stress encountered 

(i.e., decrease in photosynthesis or growth) has implications for C and Si cycling by 

decreasing rates of NPP and BSi. Furthermore, the ability of Synechococcus spp. to 

acclimate to higher temperatures may preferentially redistribute this group (spatially 

and at depth) at Port Hacking relative to other taxa such as Prochlorococcus spp. and 

other small picoplankton such as diatoms. However, individual strains of 

picocyanobacteria may respond quite differently to future warming scenarios due to 

variability in thermal tolerances between strains (Boyd et al. 2013) and inherent 

differences in their local acclimation strategies. As a result, the direct temperature 

effects on picophytoplankton composition and growth are likely region-specific and 

care should be taken when generalising the responses observed in this temperate system 

to other regions.  

In order to understand the physiological mechanisms behind the emergence of 

temperature-specific phenotypes, the application of cell-specific fluorescent tracers in 

conjunction with flow cytometry could be used to target, sort and sequence these 

populations in order to discriminate between phenotypic acclimation, genetic adaptation 

and species sorting. To ascertain whether the findings from the time-window (i.e. 

spring) used in this study are season-specific, future research should consider 

conducting similar experiments at higher temporal resolution (e.g. monthly) in order to 

understand whether these direct effects of temperature on biogeochemical processes are 

dependent on seasonal acclimation of phytoplankton. Finally, replication at other long-
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term monitoring stations will help to ascertain whether the findings presented are 

locally specific or are representative of all Australian waters. The collection of this type 

of dataset through consecutive years could facilitate the prediction of long-term changes 

in phytoplankton functional groups, the biogeochemical processes that they mediate and 

the underlying mechanisms responsible for these changes.  
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4.1 Introduction 

Diatoms (Bacillariophyceae) are one of the most ecologically diverse and functionally 

important phytoplankton groups. In the marine environment, they are important vehicles 

for downward C flux because of their relatively large cell sizes, coupled with siliceous 

cell walls provide ballast to sinking aggregates (Armstrong et al. 2009, Buesseler 1998, 

Nelson et al. 1995). Indeed, it is estimated that globally, diatoms can account for up to 

20-40% of marine C downward export (Jin et al. 2006, Nelson et al. 1995). 

Furthermore, because of their obligate requirements for Si to construct cell walls, 

diatoms are the major source of BSi production and other Si fluxes in marine 

ecosystems (Tréguer and De La Rocha 2013). 

Understanding how environmental factors regulate BSi production at the diatom-

community level requires insight into processes that occur at the cellular level, because 

diatom growth and cell wall/frustule synthesis govern the cells final elemental 

composition (Si:C molar ratio), and in turn, controls the amount of BSi 

deposited/produced (Hildebrand 2008). These cellular-level activities are regulated by 

external physical and chemical parameters/factors such as temperature, salinity, light 

availability, and the concentration of dissolved nutrients, including Si (Claquin et al. 

2002, Conley et al. 1989, Durbin 1977, Harrison et al. 1976, Paasche 1975). It is 

therefore not surprising that diatom silicification (i.e., the Si:C (atomic) composition) is 

highly variable, between different diatom species (Brzezinski 1985, Durkin et al. 2012) 

and ocean regions (Baines et al. 2010). Diatom silicification is considered a key FT that 

is intrinsically linked to the unique role that diatoms play in ocean Si biogeochemical 

cycling (Baines et al. 2010). This is because the degree of frustule silicification 

determines the quantity of BSi produced (i.e., thicker cell walls contain more Si on a per 

cell basis), the amount of Si that is likely to be dissolved and resupplied to future 

phytoplankton generations, and the elemental composition of organic matter transferred 

to higher trophic levels (Finkel et al. 2009, Raven and Waite 2004). Therefore, 

examining patterns in cellular silicification across different spatial scales can provide 

insight into region variability in diatom-mediated C and Si cycling.  

Hotspots in marine biogeochemical cycling of C and Si are known to occur along 

continental margins (Walsh 1991), however, it is difficult to estimate the contribution of 
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these regions to global BSi production as they are under sampled, both spatially and 

temporally (Shipe and Brzezinski 2001). In the Southern Hemisphere, characterisation 

of standing stocks of BSi and rates of BSi production have so far been restricted to the 

Southern Ocean (Tréguer and De La Rocha 2013) and BSi dynamics remain unknown 

for tropical and temperate coastal oceans south of the Equator. Indeed, the coastal 

waters of tropical, Northern Australia are likely to be an unidentified but significant 

region for marine biogeochemical cycling of Si and C. Similar to recognised hotspots 

such as NW Africa that coincide with high diatom species richness (Cermeño et al. 

2008, Nelson and Goering 1977, Ragueneau et al. 2000, Robins et al. 1996), the 

northern shelf of Australia is also known to be highly productive (Condie and Dunn 

2006) and characterised by a rich diversity of diatoms (Blondeau-Patissier et al. 2011, 

Burford et al. 1995, Hallegraeff and Jeffrey 1984, Lourey et al. 2013). Yet, the 

biogeochemical role of these diatom communities is yet to be proven.  

To investigate how the physicochemical and ecological settings of different ocean 

provinces affect diatom physiology at the single cell level and how this governs diatom-

mediated biogeochemical processes, we used the fluorescence tracer, PDMPO to survey 

the spatial distribution of silicification (a key FT in diatoms) along ocean margins. Our 

first hypothesis was that spatial mapping of the coastal margins of Northern Australia 

would show diversity within diatom silicification, due to the distinct biophysical and 

biochemical settings in this region. For example, the waters of the Arafura-Timor Shelf 

(ATS) are warm, shallow, and despite little exchange with the adjacent Pacific and 

Indian Oceans, the ATS is well mixed most of the year due to strong tidal currents and 

wind-driven circulation (Alongi et al. 2011). In contrast, the Coral Sea (CS) is 

dominated by oligotrophic surface waters, despite the presence of subsurface nutrients 

(Brewer et al. 2007). Additionally, given that Australian oceans are generally N-limited 

(Moore et al. 2013), we tested whether the addition of this nutrient influences patterns 

in these biogeochemical processes by conducting nitrate addition assays. We then 

assessed whether the variability in the biogeographical distribution of silicification 

results from physiological responses to their ambient surroundings or are intrinsic 

characteristics of the resident community and report the key diatoms responsible for Si 

processes in these oceanographic provinces.  
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4.2 Methods and materials 

4.2.1 Sample collection  

Seawater samples were obtained during a 5000 km transect across the northern coast of 

Australia, from Broome to Brisbane on board the RV Southern Surveyor (SS2013_t03). 

The voyage was conducted during the austral winter (July-August; Figure 4.1) a period 

corresponding to the middle of the dry season (Alongi et al. 2011). Seawater was 

collected at dawn from surface waters (5 m depth) and, when discernable (from the 

down-cast chlorophyll a (Chl a) fluorescence profile), the sub-surface chlorophyll 

maximum (Cmax) using a CTD-rosette system equipped with 10 L Niskin bottles.  

4.2.2 Physicochemical characterisation of seawater 

Vertical profiles of Chl a fluorescence, temperature, salinity, oxygen, and 

photosynthetically active radiation (PAR) were measured at each location using a 

conductivity-temperature-depth (CTD) sensor (Seabird SBE 911). Dissolved nutrient 

analysis (nitrate (NO3
-), phosphate (PO4

3-), ammonium (NH3
+), silicate (SiO4

4-) was 

conducted at sea immediately after sample collection. Concentrations of NO3
-, PO4

3- 

and SiO4
4- were determined colourmetrically via Flow Injection Analysis (Latchat; 

detection limit 0.02 μM) whilst NH3
+ samples were analysed using an AA3HR 

Segmented Flow nutrient analyser (Seal Analytical; detection limit 0.01 μM).  

4.2.3 Biological characterisation of seawater 

For pigment analyses, triplicate 2.2 L seawater samples were collected and filtered onto 

25 mm Whatman GF/F filters under dim light. Filters were blotted dry, placed into 

cryotubes, snap-frozen in liquid nitrogen and stored at -80 °C. Post-voyage, pigments 

were extracted in 3 mL acetone (90%) at 4 °C in the dark for 12 h and then sonicated 

for 15 min. Samples were recovered using filtration (0.22 μm Millex-GV filter unit, 

Merck KGaA, Darmstadt, Germany) and a bench vortex. The samples were analysed 

following the procedure of Van Heukelem and Thomas (2001) using High Performance 

Liquid Chromatography (HPLC) with an Agilent 1200 series system comprising a 

2695XE separations module with column heater and refrigerated autosampler using a 

C8 column (Zorbax Eclipse XDB-C8, Agilent Technologies) and binary gradient 

system with an elevated column temperature 55 °C. Following the methods of Vidussi 

et al. (2001), Hooker et al. (2005) and Uitz et al. (2008), seven diagnostic pigments 
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were used as biomarkers of specific phytoplankton taxa to assess the contribution of 

three pigment-based size classes (micro-, nano-, and pico-phytoplankton) to the total 

phytoplankton biomass. The seven diagnostic pigments used included fucoxanthin 

(Fuco), peridinin (Peri), alloxanthin (Allo), 19’-butanoyloxyfucoxanthin (19’-BF), 19’-

hexanoyloxyfucoxanthin (19’HF), zeaxanthin (Zea), and total chlorophyll b (TChl b). 

Microphytoplankton (>20 μm) are associated with Fuco and Peri, nanophytoplankton 

(2-20 μm) with Allo, 19’BF and 19’HF, and picophytoplankton (<2 μm) with Zea and 

TChl b.  

The elemental stoichiometry of particulate organic matter was assessed in order to 

examine the relative abundance of diatoms as a proportion of the whole phytoplankton 

community, calculated as a ratio of BSi to C and N. For particulate organic carbon 

(POC) and nitrogen (PON) measurements, duplicate 2 L seawater samples were 

collected and filtered on to 25 mm Whatman GF/F filters (precombusted at 450 °C). 

Post-voyage filters were dried at 60 °C for 48 h. Total POC and PON were then 

determined using an elemental analyser (Thermo Finnigan MAT Conflo IV) coupled to 

an isotope ratio mass spectrometer (Thermo Finnigan Delta XP) at the Biogeochemical 

Stable Isotope Facility, University of Hawaii.  

4.2.4 Experimental set-up  

To assess whether dissolved NO3
- was the limiting inorganic nutrient for diatom growth 

and BSi deposition, nutrient amendment assays were conducted at each site. 

Experiments were conducted in triplicate and consisted of an unamended seawater 

control and a NO3
- addition (supplied as NaNO3) seawater treatment (10 μmol L-1; 

approximately tenfold greater than in situ concentrations). Experiments were conducted 

with surface and Cmax samples and involved deck-board incubations where in situ 

temperature conditions were maintained by a flow-through surface seawater system. In 

situ irradiance was simulated by screening bottles with shade cloth and appropriate 

layers of blue filter (061 Mist Blue, Lee Filters, Seattle, United States of America), 

according to PAR values obtained from vertical CTD casts. 
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4.2.5 Tracking cell-specific silicification and community-level biogenic silicon 
production 

It has recently become possible to probe patterns in BSi production/silicification at the 

cellular level, with the use of fluorescent tracers, such as Lysosensor Yellow/Blue 

DND-160, also known as PDMPO (ThermoFisher Scientific, Australia). In contrast to 

BSi measurements that quantify the abundance of silicifiers, PDMPO labels actively 

depositing cells and hence provides a more accurate quantification of diatoms directly 

contributing to the transformation of DSi to BSi (Shimizu et al. 2001). Additionally, 

PDMPO coupled with fluorescence microscopy can be used to visualise diatoms 

actively depositing BSi within natural communities (Leblanc and Hutchins 2005). 

Furthermore, PDMPO can be used as a proxy for community-level BSi production 

(Leblanc and Hutchins 2005) and overcomes several changes of traditional analytical 

techniques, such as measuring net changes in BSi over time or silicic acid uptake using 

Si isotope tracers that can be restricted by biomass and cost.  

In this study, BSi production at the community and cell-specific levels was estimated by 

incubating natural samples in the presence of PDMPO. Sampled phytoplankton 

communities were first concentrated five-fold (from 4 L to 800 mL) following the 

methods of Durkin et al. (2012) via inverse filtration through a polycarbonate filter (0.2 

µm, 45 mm, Millipore, Bayswater, Australia) attached to a peristaltic pump under low 

flow rate (50 RPM). For every 200 mL filtered, the flow was briefly reversed to wash 

plankton off the filter. The concentrated sample was homogenised, then 150 mL 

volumes were used to fill triplicate polycarbonate bottles (control and treatments) that 

were incubated in the presence PDMPO following the labeling protocol of Leblanc and 

Hutchins (2005). Briefly, cells were incubated for 24 h at ambient temperature and light 

in the presence of the dye (final concentration 0.125 μmol L-1), along with a control 

sample that did not contain PDMPO (to quantify background fluorescence).  

4.2.5.1 Cell-specific silicification 

To accurately measure the degree of silicification in the pico- and nano-phytoplankton 

size fraction, PDMPO fluorescence was quantified by flow cytometry in order to 

calculate the relative contribution of these size classes to total new BSi deposition. 

Incubation volumes (1.5 mL) were preserved (1% glutaraldehyde v/v final 

concentration), flash frozen in liquid nitrogen and stored at – 80 °C for later analysis 
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(within 24 months). Post-voyage, samples were enumerated flow cytometrically (BD 

Influx, Becton Dickinson, Brussels, Belgium) by first identifying phytoplankton 

populations on biplots of phycoerythrin (580/30 nm) and Chl a (692/20 nm) 

fluorescence. Diatoms were then distinguished as PDMPO-positive cells where the 

mean relative fluorescence of incorporated PDMPO for each diatom population was 

quantified against the mean fluorescence of the fluorescent bead population (1 μm, 

ThermoFisher Scientific, Australia) at UV excitation of 355 nm and blue emission 

fluorescence at 469/29 nm. In order to make inference about relative differences in cell 

wall silicification and to make comparisons between cells of different cell volume, the 

relative fluorescence units (RFU) for each cell were then normalised to forward scatter 

(FSC, a proxy for cell size; Herzenberg et al. 1976). 

In order to link community-level PDMPO incorporation to specific diatom taxa in the 

nano- and micro-phytoplankton size fractions, the remaining incubation volume (~20 

mL) was filtered under low pressure (<10 mm Hg) onto black polycarbonate filters (0.2 

μm, 25 mm; Millipore, Bayswater, Australia). The filters were then mounted on glass 

slides by placing them on a drop of immersion oil and sealing them under a glass cover 

slip. Prepared slides were then placed in the dark and stored at -20 °C for later analysis 

via fluorescence microscopy (within 24 months). Post-voyage, PDMPO-labeled cells 

frozen on filters and mounted on microscope slides were imaged using an upright 

fluorescence compound microscope (Eclipse Ni; Nikon, Japan) fitted with a 

monochrome camera (DS-Qi2; Nikon, Japan). Images were acquired by excitation in 

the PDMPO channel using a long-pass DAPI filter (Nikon UV-2A filter cube, 330-380 

nm excitation and 420 nm emission) and exported in Tagged Image File Format (TIFF). 

Microscope settings (e.g. objective, gain, exposure time) were kept consistent 

throughout image acquisition and were collected during a single microscope session to 

minimise changes in light source. More than 20 photos were captured from each filter at 

a magnification of 100×. The relative amount of newly deposited Si for each cell was 

quantified using Image-J software where the background fluorescence for each image 

was subtracted, positively stained cells were then digitally outlined and the integrated 

density then recorded (i.e., the product of the size of the region of interest and mean 

fluorescence). By normalising the fluorescence to the area of interest, differences in cell 

size between taxa were taken into consideration.  
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Cells were categorised either by genus or morphological group and PDMPO 

concentrations were calculated. The mean integrated brightness from each cell type was 

combined from either ambient (control) or N-enriched samples to determine whether N 

depletion played a role in the relative silicification of each taxon. To determine the 

contribution of each cell type towards new BSi production, cell abundance was 

multiplied by the average PDMPO fluorescence per cell. The number of cells used to 

calculate the average PDMPO fluorescence per cell is found in Table 4.2. 

Measurements from each site within the ATS and CS regions were combined to 

determine differences in relative contribution of each taxon to total community BSi 

production between oceanic provinces.  

4.2.5.2 Diatom-community biogenic silicon standing stocks and rates of biogenic 

silicon production 

In order to assess the total abundance of silicifiers and whole-community BSi 

production during incubations, BSi measurements and PDMPO incorporation (a proxy 

for BSi production; Leblanc and Hutchins 2005) were performed on PDMPO-stained 

samples from assay vessels. Sample volumes (130 mL) from assay vessels were filtered 

under low pressure (<10 mm Hg) onto a polycarbonate filter (0.6 μm, 47 mm; 

Millipore, Bayswater, Australia). Filters were then rinsed with 0.2 μm filtered seawater 

to remove any unbound PDMPO and stored at -20 °C until digestion and analysis 

(within 6 months). Post-voyage, silicifiers were first solubilised by digesting frustules 

via the hot alkaline digestion method, by adding 4 mL of 0.2 M NaOH to a 15 mL 

falcon tube that contained the sample filter. Sample tubes were then sealed, wrapped in 

aluminum foil and immersed in a water bath set to 90 °C for 60 min. Samples were then 

cooled in an ice bath and neutralised with 1 mL 1 M HCl. The filter in each sample tube 

was compressed into the tip of the falcon tube with a metal rod and then centrifuged at 

2500 RCF for 10 min to clear the digest of cellular debris. 

Digest volumes were first analysed for PDMPO incorporation by withdrawing volumes 

(3 mL) of the supernatant and filtered (0.2 μm membrane; Millipore, Bayswater, 

Australia) directly into a quartz cuvette where subsequent analysis of PDMPO 

incorporation was carried out using a scanning UV spectrofluorometer (50 Bio; Cary, 

Agilent Technologies, USA) equipped with a xenon lamp and set to excite at 375 nm (5 
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nm slit width). Samples were scanned (600 nm min-1) from 400 to 750 nm (5 nm slit 

width), with emission values read at 530 nm and compared against a standard curve (R2 

=0.999) made with a 125 μmol L-1 PDMPO solution prepared in NaOH-HCl matrix. 

Paired seawater blanks were processed in the same way in order to correct for 

background fluorescence. Sample volumes were retained for further processing for BSi 

analysis.  

PDMPO is incorporated in relatively consistent proportions to BSi (mol:mol) in both 

cultures and in mixed diatom populations (Leblanc and Hutchins 2005), and as a result 

can be used as a proxy for the amount of new BSi deposited over time in natural 

phytoplankton communities (Leblanc and Hutchins 2005). To convert quantitative 

PDMPO incorporation to BSi production, we used the recommended ratio of 2916 mol 

BSi per mol PDMPO on samples collected from sites where silicic acid concentrations 

were above 3 μmol L-1 and for sites ≤3 μmol L-1 silicic acid, the linear relationship: BSi: 

PDMPO = 912.6 × [Si(OH)4] as per McNair et al. (2015). 

Digest volumes were first analysed for PDMPO incorporation (described above) and 

then transferred directly to a clean falcon tube for analysis of reactive silicate following 

methodology of Strickland and Parsons (1968) with modifications according to Nelson 

et al. (1989) to increase sensitivity. Briefly, each sample (3 mL) was added to a falcon 

tube containing 4 mL of acidified molybdate solution and allowed to react for 15 min. A 

6 mL volume of metol/sulphite reducing reagent was then rapidly added, mixed, and 

allowed to react for 3 h to complete reduction of the silicomolybdate complex. 

Absorbance was then measured at 810 nm using a spectrophotometer (Cary Eclipse, 

Agilent Technologies, United States of America) and compared against a standard curve 

(R2 =0.999) made with a 20 μmol L-1 silicate stock solution (Na2SiF6). 

4.2.6 Data analysis 

The effect of nitrate addition on standing stocks of BSi, rates of BSi production, and 

taxon specific abundance and silicification, was examined using a Student’s T-test (for 

paired samples) on pooled samples from each region (ATS and CS examined 

individually). Tests were performed using Origin Pro software (version b9.2.272; 

OriginLab Corporation, United States of America) and the assumption of equal or 

unequal variances were both trialed. Differences were accepted as significant at p 
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<0.05. Similarly, to examine differences between concentrations of particulate matter 

(POC, PON and BSi) and ratios between these (Si:C, Si:N and C:N), Student’s T-tests 

were performed as outlined above.  

To investigate whether the diatom taxa/morphological-type contributing towards whole 

community BSi production (i.e., the product of species-specific cell abundance and 

average fluorescence per cell) was significantly different between ocean depth 

(‘surface’ and ‘Cmax’), region (ATS and CS), and addition of nitrate (‘ambient’ and ‘N-

enriched’), we treated each factor separately and used a one-way analysis of similarity 

(ANOSIM) using Permutational multivariate analysis (PERMANOVA) in Primer 

(Primer-E, Plymouth, United Kingdom). Ordination by non-metric principal component 

analysis (PCA) was used to visualise patterns in physicochemical ocean characteristics 

using standardised environmental data.  

We used a Distance-based Linear Modeling (DistLM) procedure in PRIMER to explore 

the strength of the relationships between taxon-specific BSi contribution and 

environmental factors that were expected to influence silicification (PAR, temperature, 

salinity, and total dissolved nutrients; NO3
-, NH3

+, PO4
3- and SiO4

4-). Taxon-specific 

BSi production was log(X+1) transformed and a dissimilarity matrix was calculated 

using Bray-Curtis distances. Standardised environmental variables were examined for 

redundancy using a draftsman scatter plot and the correlation matrix to ascertain 

whether there are variables that were highly correlated with one another. We used the 

BEST and AIC selection criteria (corrected for small sample size; AICc) in the DistLM. 

In order to identify the morphological types responsible for community BSi production 

and their relative contribution, the PRIMER routine “SIMPER” was used. All 

multivariate tests were performed with unrestricted permutations (999) in the software 

package PRIMER Version 6.1.12 (Clarke and Gorley 2006). 
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Figure 4.1 Stations (closed circles; numbered 1-10) sampled during a 5000 km transect from Broome to Brisbane aboard the RV Southern Surveyor during the 
Austral winter (July-August; SS2013_t03), including locations referred to in text.  
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4.3 Results 

4.3.1 Physicochemical characterisation of Arafura Timor Shelf and Coral Sea  

The physicochemical conditions within the ATS and CS were distinct from one another. 

Waters from the ATS were warmer, less saline and had higher dissolved nutrients than 

those from the CS (Table 4.1), with conditions in both regions typically within reported 

ranges for winter in these regions (Condie and Dunn 2006). Average SST in the ATS were 

26.6±0.5 °C, compared to 24.5±0.8 °C in CS waters. Dissolved surface ocean 

concentrations of SiO4
4-, NO3

- and PO4
3- were approximately 3 to 4 times greater in the 

ATS than the CS (Table 4.1).  

The vertical Chl a fluorescence depth profiles from stations sampled within the ATS 

showed relatively uniform fluorescence over depth (Supplementary Figure 4.1), 

indicating a well-mixed water column. As a result, seawater for experimental assays was 

collected from surface (5 m) waters only. In contrast, within the deeper waters of the CS, 

Cmax were evident at most stations, whereby the Cmax coincided with higher dissolved 

SiO4
4- concentrations and lower NO3

- concentrations than surface waters (Supplementary 

Figure 4.1). A notable exception was Station 10 (CS), where a Chl a fluorescence peak was 

not evident and dissolved SiO4
4- and NO3

- concentrations were similar between the surface 

and Cmax.  
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Table 4.1 Average inorganic silicate (SiO4
4-), nitrate (NO3

-), and phosphate (PO4
3-) concentrations including elemental ratios for each station sampled in the Arafura-Timor 

Shelf and Coral Sea. At all stations, seawater samples were taken from surface waters (5 m) and, when discernable the sub-surface chlorophyll maximum (Cmax) as 
indicated by asterisks. The error term is the standard deviation. Hyphens indicate nutrient concentrations below instrumental detection limit (< 0.02 μmol L-1). 

Station number Co-ordinates Sample depth 
(m) 

SiO4
4-  

(μmol L-1 ) 
NO3

-  
(μmol L-1 ) 

PO4
3-  

(μmol L-1 ) 
Si:N 

(mol:mol) 
Si:P 

(mol:mol) 

1 13.6° S, 125.0° E 5 2.96 0.26 0.11 11.38 26.91 
2 11.9° S, 128.3° E 5 4.46 0.6 0.23 7.43 19.39 
3 11.3° S, 129.5° E 5 5.16 0.1 0.24 51.6 21.5 
4 10.8° S, 131.8° E 5 5.7 0.37 0.24 15.4 23.75 
5 10.7° S, 135.2° E 5 5.2 - 0.22 260 26.34 
6 10.7° S, 138.8° E 5 1.83 - 0.26 183 7.04 
        

Arafura-Timor Shelf average  4.22 ± 1.51 0.22 ± 0.22 0.22 ± 0.05 72 ± 97 20 ± 7 
        
7 10.5° S, 144.0° E 5 0.9 - 0.03 45 30 
7 10.5° S, 144.0° E 35 * 1.08 0.12 0.05 9 21.6 
8 13.9° S, 144.4° E 5 1.4 - 0.06 70 23.33 
8 13.9° S, 144.4° E 80 * 1.6 0.15 0.07 10.66 22.85 
9 16.7° S, 146.4° E 5 1.16 - 0.07 58 16.57 
9 16.7° S, 146.4° E 70 * 1.57 0.14 0.1 11.24 15.7 
10 19.1° S, 149.0° E 5 0.96 0.03 0.09 32 10.66 
10 19.1° S, 149.0° E 30 0.95 0.03 0.09 15.8 10.55 
        

Coral Sea average  1.27 ± 0.29 0.07 ± 0.06 0.08 ± 0.02 32 ± 25 16 ± 5 
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Table 4.2 Average particulate organic carbon (POC), particulate organic nitrogen (PON), and biogenic silica (BSi) of each station sampled in the Arafura-Timor Shelf and 
Coral Sea. At all stations, seawater samples were taken from surface waters (5 m) and, when discernable the sub-surface chlorophyll maximum (Cmax) as indicated by 
asterisks. Error term is the standard deviation where applicable.  

Station number Co-ordinates Sample depth  
(m) 

POC  
(μmol L-1 ) 

PON  
(μmol L-1 ) 

BSi  
(μmol L-1 ) 

1 13.6° S, 125.0° E 5 6.11 ± 0.80 0.58 ± 0.10 2.07 ± 0.69 
2 11.9° S, 128.3° E 5 6.20 ± 0.60 0.63 ± 0.28 1.55 ± 0.22 
3 11.3° S, 129.5° E 5 - - 14.60 ± 7.69 
4 10.8° S, 131.8° E 5 9.10 0.93 2.98 ± 1.20 
5 10.7° S, 135.2° E 5 5.75 ± 0.38 0.63 ± 0.01 1.91± 1.64 
6 10.7° S, 138.8° E 5 6.18 ± 0.12 0.71 ± 0.03 7.02 ± 2.35 
      

Arafura-Timor Shelf average  5.96 ± 0.28 0.70 ± 0.14 5.02 ± 5.11 
      
7 10.5° S, 144.0° E 5 4.73 ± 1.12 0.53 ± 0.14 3.63 ± 0.62 
7 10.5° S, 144.0° E 35 * 3.64 ± 0.46 0.42 ± 0.00 0.75 ± 0.42 
8 13.9° S, 144.4° E 5 3.01± 0.09 0.32 ± 0.28 0.82 ± 0.21 
8 13.9° S, 144.4° E 80 * 3.69 ± 1.36 0.30 ± 0.03 0.09 ± 0.16 
9 16.7° S, 146.4° E 5 2.46 ± 0.18 0.24 ± 0.00 0.16 ± 0.14 
9 16.7° S, 146.4° E 70 * 3.22 ± 0.28 0.31 ± 0.28 0.32 ± 0.16 
10 19.1° S, 149.0° E 5 3.46 ± 0.56 0.39 ± 0.53 0.94 ± 0.11 
10 19.1° S, 149.0° E 30 3.81 ± 0.02 0.37 ± 0.00 1.15 ± 0.46 
      

Coral Sea average  3.27 ± 0.49 0.32 ± 0.05 0.58 ± 0.45 
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Figure 4.2 Physicochemical characteristics of surface water sampled within the Arafura and Timor shelf regions (ATS) and Coral Sea (CS) oceanographic regions (RV 
Southern Surveyor; July-August; SS2013_t03); (a) temperature, (b) salinity, (c) ammonium, (d) nitrate, (e) phosphate, and (f) silicate. 
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4.3.2 Biological characterisation of Arafura Timor Shelf and Coral Sea 

Pigment analysis revealed that the phytoplankton community sampled from surface 

waters within the ATS were dominated by microphytoplankton, whereas those sampled 

from the CS were mainly composed of pico- and nano-phytoplankton (Figure 4.3a). A 

noteworthy exception was Station 7 (CS), where, based on pigment analysis, the 

phytoplankton composition was more similar to the ATS than other CS stations. At 

Stations 7, 8 and 9 in the CS where a Cmax was discernable, the phytoplankton 

composition was similar (Student’s t-test; p >0.05) in the Cmax to surface waters 

(Figure 4.3b).  

  

Figure 4.3 Distribution of phytoplankton in three size classes from sampled from (a) surface, and (b) 
subsurface chlorophyll maximum (Cmax) from the Arafura-Timor Shelf (ATS) and Coral Sea (CS) 
estimated from pigments algorithms as in Vidussi et al. (2001), Hooker et al. (2005) and Uitz et al. 
(2008); picophytoplankton <2 μm (grey bars), nanophytoplankton >2 μm  and <20 μm (white bars), and 
microphytoplankton >20 μm (black bars). Station numbers reflect those in Figure 4.1 and the dashed line 
represents the transition from the ATS to the CS. 

Consistent with a dominance of microphytoplankton (Figure 4.3), the concentrations of 

POC and PON, as well as BSi were greater in the ATS compared to CS region 

(Student’s t-test; p <0.001). Within the ATS, highest concentrations of particulate 

organic matter were found from surface waters at Stations 2, 3 and 4, with average 

values of 6.20±0.60 μmol POC L-1, 0.93 μmol PON L-1 and 14.60±7.69 μmol BSi L-1, 

respectively (Table 4.2). In contrast, the average POC, PON and BSi concentrations in 

surface waters of the CS were lower with values of 3.27±0.49 μmol POC L-1, 0.32±0.05 

μmol PON L-1, and 0.58±0.4 μmol BSi L-1, respectively. An exception to these trends 

(a) (b) 
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μmol PON L-1, and 0.58±0.4 μmol BSi L-1, respectively. An exception to these trends 

of lower POC, PON and BSi in the CS occurred at Station 7, where POC and PON 

concentrations were comparable to the relatively higher values observed in the ATS 

(Table 4.2). Lowest values of organic matter in the CS were observed at Station 9, with 

values corresponding to 2.46±0.18 μmol POC L-1, 0.24±0.00 μmol PON L-1, and 

0.16±0.14 μmol BSi L-1 that coincided with the greatest subsurface chlorophyll peak, 

indicating the majority of biomass was found at the Cmax (Supplementary Figure 

4.1). Elemental ratios of Si:N and Si:C reflected patterns in absolute concentrations of 

BSi, with higher Si:C values (Student’s t-test; p <0.05) observed in the ATS compared 

to the CS (Figure 4.4). However, the average C:N molar ratio of stations from the ATS 

were lower (C:N = 8.8) than those from the CS (C:N = 9.9), and were more variable 

between stations (Figure 4.4a). Overall, greater concentrations and lower values of C:N 

suggest greater pools of fresher organic matter in the ATS.  

4.3.3 Nitrate addition assays 

In both ocean provinces, samples enriched with NO3
- showed no change in the standing 

stocks of BSi after 24 h (Student’s t-test; p >0.05; data not shown) or BSi production 

(Student’s t-test; p >0.05; Figure 4.5) compared to those that were unamended. These 

results indicated that NO3
- addition did not have any affect on diatom growth (BSi 

stocks) or the amount of BSi produced by diatoms at the community-level. 

Similar to findings at the community-level, NO3
- did not influence diatom abundance or 

degree of diatom frustule silicification for small cells (i.e., <20 μm, pico and nano-sized 

PDMPO-positive cells) detected via flow cytometry or larger diatoms (i.e., >20 μm, 

micro-sized PDMPO-positive cells) detected by fluorescence microscopy (Student’s t-

test; p >0.05; data not shown). Indicating there were the same number of cells 

contributing to community BSi production and the relative PDMPO fluorescence 

between ambient or NO3
- amended seawater samples was similar. As a result, ambient 

and N-enriched samples for BSi stocks, production and cell-specific silicification were 

pooled from the ATS and CS before examining differences between ocean provinces.  
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Figure 4.4 Boxplots of the (a) C:N, (b) Si:N, and (c) Si:C molar ratios of particulate organic matter 
sampled from stations sampled from the Arafura-Timor Shelf (ATS; open boxes) and Coral Sea (CS; grey 
boxes). The length of the box corresponds to the distance between the 5th and 95th percentiles. The solid 
line and dashed line inside the box represent the mean and median, respectively. The whiskers extend to 
the minimum and maximum values of the cluster and “n” is the number of values in each cluster. The 
grey dashed lines represent the typical values of C:N (6.6) reported by Redfield et al. (1963) and typical 
values of Si:N (1.1) and Si:C (0.13) for nutrient replete diatoms reported by Brzezinski (1985). Asterisks 
indicate statistically significant differences (p <0.05) of the mean between clusters using Student’s t test.  
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4.3.4 Biogenic silicon production differs between Arafura Timor Shelf and Coral 
Sea 

The study area was characterised by a heterogeneous distribution of BSi production in 

surface waters (5 m) and at depth (Cmax), differing over two orders of magnitude 

across the entire dataset (note log axis; Figure 4.5a). These results were consistent with 

highly variable concentrations of BSi within and between ocean provinces (Table 4.2). 

The highest rates of BSi production were found at Station 3 (ATS) with ~5.7±2.3 μmol 

BSi L-1 d-1. In contrast, minimum rates were observed at Station 10 (CS) with values of 

~0.1±0.04 μmol BSi L-1 d-1 and the majority of sampled sites within the CS being below 

instrument detection limit.  

 

Figure 4.5 (a) Biogenic silica production (BSi; μmol Si L-1 d-1) by diatoms at stations sampled within the 
Arafura and Timor shelf regions (ATS) and Coral Sea (CS), where closed symbols represent unamended 
seawater control and open symbols represent seawater supplemented with additional nitrate (NO3

-; 10 
μmol L-1) for samples collected from surface waters (5 m) and, when discernable, the sub-surface 
chlorophyll maximum (Cmax; determined by the down-cast Chl a fluorescence profile). The error term is 
the standard error. Station numbers reflect those in Figure 4.1 and the dashed line represents the 
transition from the ATS to the CS. (b) BSi production (μmol Si L-1 d-1) by diatoms at stations sampled 
within the ATS and CS. The length of the box corresponds to the distance between the 5th and 95th 
percentiles. The solid line and dashed line inside the box represent the mean and median, respectively. 
The whiskers extend to the minimum and maximum values of the cluster and “n” is the number of values 
in each cluster. Asterisks indicate statistically significant differences (p <0.05) between clusters using 
Student’s t test. 
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4.3.5 Morphotype-specific differences in silicification between Arafura Timor 
Shelf and Coral Sea 

Silicification of small phytoplankton (i.e., <20 μm, pico and nano-sized cells quantified 

by flow cytometry), indicated that the relative number of cells contributing to total BSi 

production was similar between provinces, as there was no significant difference in the 

abundance of fluorescent cells (Student’s t-test; p >0.05) between the ATS and the CS 

(Figure 4.6). However, ocean province did have an affect on the relative degree of 

frustule silicification as diatoms <20 µm from the ATS displayed greater mean PDMPO 

fluorescence per relative cell size (RFUs FSC-1) in comparison to the CS (22±0.98 

versus 15±0.85 RFUs FSC-1) (Student’s t-test; p <0.001; Figure 4.6).  

 

 

Figure 4.6 Relative fluorescence as a function of diatom abundance (<20 μm sized cells) for positively 
PDMPO-stained cells quantified by flow cytometry sampled from the Arafura-Timor Shelf (ATS; closed 
symbols) and Coral Sea (CS; open symbols). Relative fluorescence units (RFUs) were normalised to 
relative cell size (forward scatter; FSC) in order to determine relative differences in frustule silicification. 
Note the y-axis is log scale. 



 

 116 

Table 4.3 Mean cellular dimensions  and relative abundance (%) of diatom morphological types from the Arafura-Timor shelf and Coral Sea regions. 

Cell type description Code N Relative 
abundance % Length μm Width μm Area μm

2
 

Chain Length 
Average Maximum 

Arafura-Timor Shelf 
Small centric c1 119 (119) 25.98 6.9 ± 0.14 5.93 ± 0.16 32.8 ± 1.44 1.01 ± 0.01 2 
Large centric c2 64 (64) 13.97 23.4 ± 5.57 15.8 ± 1.56 355 ± 93.8 1.03 ± 0.02 2 
Chaetoceros sp. c3 45 (106) 9.83 35.89 ± 5.11 11.45 ± 1.47 287 ± 57.1 3.57 ± 0.38 26 
Small pennate p1 90 (90) 19.65 9.25 ± 0.32 3.40 ± 0.21 23.4 ± 2.11 1.01 ± 0.01 2 
Large pennate p2 123 (123) 26.86 51.86 ± 3.57 6.77 ± 0.90 135 ± 12.4 1.19 ± 0.05 4 
Pseudo-nitzschia sp. p3 1 (6) 0.22 118.2 3.64 116.00 3.67 ± 1.05 8 
Thalassionema sp. p4 12 (61) 2.62 49.2 ± 10.3 14.5 ± 3.72 275 ± 90.8 5.23 ± 0.82 30 

Total cells mL
-1

 270 ± 323 
Coral Sea 

Small centric c1 41 (41) 25.2 4.85 ± 0.32 3.95 ± 2.59 16.4  ± 2.12 1.02 ± 0.02 2 
Large centric c2 2 (2) 1.2 25.8 ± 13.5 23.0 ± 15.1 619 ± 546 1.5 ± 0.50 2 
Chaetoceros sp. c3 14 (175) 8.6 2051 ± 1489 18.0 ± 7.15 55.9  ± 14.9 6.57 ± 0.36 22 
Small pennate p1 51 (51) 31.3 8.22  ± 0.47 2.91 ± 90.15 17.7 ± 1.49 1.00 ± 0.00 1 
Large pennate p2 53 (53) 32.5 185  ± 100 7.30 ± 2.21 98.6 ± 27 1.23 ± 0.09 5 
Pseudo-nitzschia sp. p3 0 (8) 0.0 0 0 0 2.75 ± 0.41 5 
Thalassionema sp. p4 2 (10) 1.23 60.0  ± 5.36 36.4  ± 19.4 368 ± 219 2.10 ± 0.28 4 
Total cells mL

-1
 160 ± 94 

Cell type descriptions are provisional taxonomic designations (in italics) or morphological descriptions. ID beginning with the letter "c" are centric diatoms 
while those beginning with the letter “p” are pennates, and reflect morphotypes in Figure 4.6. Averages include cells collected from ambient and nitrogen-
enriched conditions in the ATS and CS. N is the number of cells used to calculate means, with values in parentheses being the number used for chain length 
calculation. 
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Figure 4.7 Illustrative images of new silicon (BSi) deposition by diatoms incubated with PDMPO for 24 h from stations sampled from the ATS (left) and CS (right) 
mounted on glass slides and observed under fluorescence microscopy. A DAPI long pass filter was used to visualise PDMPO-stained cells over the entire emission 
spectrum. Exposure time remained constant for all photos so that pixel intensity is indicative of relative differences in the amount of newly incorporated PDMPO. The scale 
bar (10 microns) and image brightness is the same for all images to emphasise differences in size and degree of frustule silicification between ocean region and taxa.  
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In the microphytoplankton size fraction (>20 μm; detected using fluorescence 

microscopy), diatoms labeled with PDMPO were represented by 7 morphological types 

consisting of the genera Chaetoceros (c3), Pseudo-nitzschia (p3), Thalassionema (p4) 

and unidentified large and small centric (c1, c2) and pennate forms (p2, p1) (Table 4.3; 

Figure 4.7). Unlike absolute abundance of Si depositing cells, changes in the degree of 

silicification were observed at the cellular level, with the relative amount of newly 

deposited silica per cell for diatoms in Northern Australia varying across two orders of 

magnitude (Figure 4.8). The highest PDMPO fluorescence per cell was found in large 

centric diatoms (311 140 RFUs cell-1) indicating the greatest amount of newly deposited 

BSi over the 24 h incubation. These highly silicified morphotypes were absent in the 

CS. At the other end of the spectrum, small, unidentified centric and pennate diatoms 

were the most weakly silicified taxa, with the lowest PDMPO fluorescence per cell (8 

000 and 11 302 RFUs cell-1, respectively).  

Similar to observations in the pico- and nano- size fractions, differences in the degree of 

silicification were observed between ocean provinces, whereby diatoms from the ATS 

appeared to deposit more silica than the CS (Figure 4.8). High levels of phenotypic 

(i.e., within morphotypes) variation meant these differences were significant (Student’s 

t-test) for some morphotypes, namely, Chaetoceros spp. (c3; p <0.001), small centric 

diatoms (c2; p <0.001) and Pseudo-nitzschia spp. (p3; p =0.03) which were two, three 

and four times more silicified in the ATS compared to the CS.  
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Figure 4.8 Boxplot of integrated fluorescence of individual cells incubated with PDMPO for 24 h from 
stations sampled from the Arafura Timor Shelf (ATS; open boxes) and Coral Sea (CS; grey boxes) and 
quantified with fluorescent microscopy. Note that y-axis is a log scale. The length of the box corresponds 
to the distance between the 5th and 95th percentiles. The solid line and dashed line inside the box represent 
the mean and median, respectively. The whiskers extend to the minimum and maximum values of the 
cluster and “n” is the number of values in each cluster. Asterisks indicate statistically significant 
differences (p <0.05) between clusters using Student’s t test.  

4.3.6 Patterns in morphotype-specific silicification 

While there was no significant difference in absolute cell abundance between the 

oceanic provinces (Student’s t-test; p =0.6), differences in diatom-community 

composition were evident, with changes observed in the underlying relative abundances 

of specific morphotypes. For example, large centric diatoms were more abundant in the 

ATS compared to CS, whilst small and large pennate diatoms dominated the CS 

(Student’s t-test; p <0.05; Table 4.3). The relative abundance of Chaetoceros spp. and 

Thalassionema spp were consistent between provinces, but appeared to differ in their 

maximum chain-lengths, with the ATS supporting longer chains of these taxa (Table 

4.3). 
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Figure 4.9 The average contribution of each morphological type towards biogenic silica (BSi) production 
by diatoms sampled from the Arafura Timor Shelf (ATS) and the Coral Sea (CS). The stacked bar graph 
represents output from similarity percentages (SIMPER) analysis which identified six morphological 
types that explained >98% of community BSi production (derived from multiplying cell abundance by 
the average integrated PDMPO fluorescence per cell). The remaining morphological types (e.g. Pseudo-
nitzchia) contributed <2% and were grouped into ‘Other’ morphological types. The error terms are 
standard deviation. 

 

Together, province-specific variations in relative silicification and abundance at the 

cellular-level underpinned processes occurring at the community-level. Our results 

reveal that different diatom morphotypes (and their associated characteristics of frustule 

silicification and abundance) contributed to the divergence in BSi production between 

the ATS and the CS (ANOSIM, Global R: 0.25, p =0.008). Using SIMPER analysis, we 

were able to identify that the relative contribution of each morphological type to overall 

BSi production differed between the ATS and CS (Figure 4.9). In the ATS, community 

BSi production was spread relatively equally across six of the seven morphological 

types including large centric diatoms (23 ± 3%), small pennates (18 ± 6%), large 

pennates (17 ± 2%), Chaetoceros spp. (15 ± 2%), Thalassionema spp. (13 ± 2%), and 

small centrics (13 ± 2%). In contrast, over half of new BSi production in diatom 
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communities from the CS was generated solely by large pennates and Chaetoceros spp, 

with weakly silicified small centric and small pennate diatoms (Figure 4.7) responsible 

for the remainder of community production.  

The contribution of diatom morphotypes towards community BSi production was not 

influenced by the addition of NO3
- (ANOSIM, Global R: 0, p >0.05), but was instead 

governed by the prevailing physicochemical properties of each ocean province. 

Differences in community BSi production between the ATS and CS were driven by a 

combination of environmental factors (Figure 4.10). When considered individually, 

temperature (DistLM marginal tests, p =0.02; 14%), salinity (DistLM marginal tests, p 

=0.01; 19%), PO4
3- (DistLM marginal tests, p =0.02; 14%), and SiO4

4- (DistLM 

marginal tests, p =0.01; 18%) were identified as significant explanatory variables. Other 

environmental factors such as PAR, dissolved NH3
+ and NO3

- concentrations were 

observed to have little effect on trends in community BSi production (p >0.05). When 

environmental factors were considered collectively using sequential tests to build a 

multivariate model, BEST analysis revealed salinity and dissolved SiO4
4- concentrations 

(R2 =0.29) as the two primary variables explaining differences in community BSi 

production between the ATS and CS. These results appear to reflect the inherent 

differences between the two ocean provinces whereby the ATS is less saline and more 

silicate-rich in comparison to the CS (Figure 4.2).  
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Figure 4.10 Relationship between physicochemical characteristics and new biogenic silica (BSi) 
production of the diatom community from samples incubated in the presence of PDMPO for 24 h from 
each oceanic region (Arafura-Timor Shelf and Coral Sea). The plot represents a distance-based 
redundancy analysis (dbRDA) ordination of new BSi production generated from a Bray-Curtis distance 
matrix and ocean physicochemical characteristics chosen by the significances of distance linear-based 
model (DisTLM) marginal tests.
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4.4 Discussion  

During austral winter, seasonal mixing generates conditions that support an annual peak 

in phytoplankton biomass and productivity in the ATS (Burford et al. 1995, Condie and 

Dunn 2006). The physicochemical conditions of the region, in combination with 

phytoplankton communities dominated by a diverse range of diatom species 

(Hallegraeff and Jeffrey 1984) likely support high rates of BSi production as has been 

shown in other ocean regions (Cermeño et al. 2008, Nelson and Goering 1977, 

Ragueneau et al. 2000, Robins et al. 1996), but until now, has not been empirically 

tested. Traditionally, standard analytical techniques cannot discriminate between the 

relative abundance of diatoms to other non-siliceous phytoplankton and the silicification 

of the diatoms themselves (Baines et al. 2010). Yet, it is important to understand the 

factors contributing to the Si:C chemical signature of phytoplankton communities 

because the degree of diatom silicification determines the fate of Si and C within the 

marine biogeochemical cycle (Baines et al. 2010, Raven and Waite 2004). Using a 

combination of traditional analytical techniques and fluorescent tracers, we were able to 

associate community-level processes with those occurring at the individual cellular-

level. We find the physicochemical characteristics of two distinct oceanographic 

provinces in Northern Australia, the Arafura and Timor Shelf and the Coral Sea 

(Longhurst 2010), drive differential responses in the abundance of key morphological 

types and their cell-specific silicification, which in turn influence overall community 

BSi production and capacity for downward C export.  

4.4.1 Northern Australia: a medley of biogenic silicon production and carbon 
export potential 

The coastal margin of Northern Australia was characterised by a heterogeneous 

distribution of BSi standing stock and rates of BSi production. Despite this high 

variability within regions, distinct differences in BSi production were evident between 

the two oceanic provinces. In the ATS, a combination of higher nutrient concentrations 

and water-column mixing supported phytoplankton communities dominated by larger 

cells (i.e., microphytoplankton size class) with high rates of BSi production. Indeed, the 

maximum rates of BSi production in surface waters reported here (~5.7 μmol Si L-1 d-1) 

are relatively high compared with other coastal oceans, including the Santa Barbara 

Basin, a coastal region along the eastern margin of the North Pacific Ocean, <2 μmol Si 
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L-1 d-1 (Shipe and Brzezinski 2001) and offshore waters of the Californian Current, <1 

μmol Si L-1 d-1 (Brzezinski et al. 1997). Instead, our observations are more comparable 

to values recorded downstream of upwelling locations in Monterey Bay, California (>7 

μmol Si L-1 d-1) – a region noted for the highest recorded rates of marine BSi production 

in the global ocean (Brzezinski et al., 1997). In stark contrast, in the neighboring 

oceanic province of the CS, rates of BSi production were more comparable to the open 

ocean rather than coastal locations, including the eastern equatorial Pacific, ~0.04 μmol 

Si L-1 d-1 (Krause et al. 2011), the iron limited central equatorial Pacific, <0.09 μmol Si 

L-1 d-1 (Blain et al. 1997), and the Si-limited waters of the western equatorial Pacific, 

<0.04 μmol Si L-1 d-1 (Leynaert et al. 2001). These similarities are probably due to the 

oligotrophic nature of the Coral Sea, with dissolved NO3
-, PO4

3- and SiO4
4- 

concentrations comparable to those of the low-nutrient, equatorial Pacific, <2 μmol L-1 

d-1 Si and N (Blain et al. 1997, Leynaert et al. 2001).  

On average, BSi production in the ATS was tenfold higher than the CS and coincident 

with four-fold greater particulate Si:C and Si:N molar ratios than typical values 

observed for nutrient replete diatoms (Brzezinski 1985). Whilst planktonic elemental 

ratios in oceanography are traditionally used to inform the relative proportion of 

diatoms of the total phytoplankton community, in this study, we used a cell-specific 

fluorescent tracer (i.e., PDMPO) to ascribe regionally-specific Si:C molar ratios and 

rates of BSi production to greater cellular silicification rather than absolute diatom 

abundance. Hence we were able to identify the underlying physiological processes that 

governed the overall community response – an understanding that could not have been 

achieved without cell-specific techniques.  
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4.4.2 The role of nitrate limitation in regulating biogenic silicon production 

Like the majority of Australia’s coastal waters, primary production in the ATS and CS 

are believed to be N-limited because the inorganic N:P molar ratios in these waters are 

less than the Redfield ratio (N:P = 16:1; Redfield 1963), suggesting N limits new 

production (Condie and Dunn 2006). Yet, supplementation with NO3
- had no observed 

effect on BSi production, diatom abundance, or silicification at the cellular level. We 

propose several explanations for these findings.  

To our knowledge, no other nutrient amendment experiments have been conducted for 

this region and as a result, N-limitation has not been directly experimentally tested. 

Despite nitrate being thought to be the primary limiting nutrient in Australia’s coastal 

surface waters, phosphorus, vitamins and micronutrients (including iron; Fe) may also 

co-limit marine phytoplankton in this region, because secondary limiting nutrients have 

not been tested (Moore et al. 2013). Secondly, N-limitation may occur in this region but 

NO3
- may not be the limiting chemical form of N. At the time of sampling, rates of N2-

fixation were among some of the highest recorded in the ocean (Messer et al. 2015); 

meaning whilst concentrations of NO3
- and NH4

+ were low, N in the form of dissolved 

organic N (DON) may have been present in comparably high concentrations. Indeed, 

phytoplankton communities are known to rely on DON as a source of N when other 

forms are in low concentrations and, although diatoms are not typically associated with 

the exploitation of DON, they possess uptake mechanisms which would allow access to 

these organic sources (Bronk et al. 2007 and references within). 

Furthermore, short-term intermittent supplies of NO3
- may not relieve the physiological 

‘signs’ of N-limitation because resident diatoms within these oceanic-provinces are 

adapted to N-limitation. For example, even though natural and purposeful Fe 

fertilization experiments have shown greater Si:C, Si:N, and Si:P ratios in bulk 

particulate matter under Fe-stress compared to Fe-replete conditions (Franck et al. 2000, 

Hutchins and Bruland 1998), this is not always the case. For example, observations of 

diatom Fe-limitation from the field show no differences in cell-specific silicification 

after Fe addition (Baines et al. 2010, Durkin et al. 2012). Hence, differences in 

silicification between ocean regions do not appear to be due to short-term physiological 

responses to ambient conditions. Instead, and aligning with the hypotheses of Baines et 
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al. (2010), we suggest that the resident diatom communities reflect longer-term 

prevailing physiological and physico-chemical settings.  

4.4.3 Functional trait diversity between Arafura Timor Shelf, Coral Sea and the 
biogeochemical implications  

The degree of frustule silicification affects diatom cell specific gravity and therefore 

sinking velocity and downward C export, as well as susceptibility of physical 

dissolution processes and hence Si recycling in upper surface waters. Therefore, by 

examining patterns of frustule silicification across spatially diverse gradients we can 

predict the fate of Si and C in their respective settings. In this study, cell-specific 

fluorescent techniques revealed the same diatom morphotypes from two distinct 

Australasian ocean regions differ by up to a factor of four in their silicification. Given 

that diatom abundance (in all size classes) was similar between the ATS and CS, it is 

likely that the more silicified morphotypes in the ATS, greater amount of BSi on a 

cellular basis, were responsible for the greater BSi production observed in this province. 

These findings are supported by independent measures showing higher Si:C of 

particulate matter from the ATS. Together these results indicate the differences in 

diatom silicification between the two ocean provinces are more likely a reflection of 

heavier silicified diatoms from the ATS region, rather than poorly silicified diatoms in 

the CS. 

The differences in diatom morphotypes between the ATS and CS may have important 

consequences for the marine Si cycle. The less silicified diatoms of the CS may allow 

for the retention of cells in the photic layer for longer periods, a cellular mechanism 

which may have evolved to counteract the more rapid rates of sinking prevalent under 

more stable conditions (Raven and Waite 2004). In contrast, the heavier silicified 

diatoms from the ATS may be more susceptible to sinking due to their increased 

cellular density and, as a result, lead to a greater efficiency of diatom downward export 

(Baines et al. 2010) in comparison to the CS. However, several other processes are 

known to affect the export of intact diatoms from the surface ocean including grazing, 

other physiological changes in cell sinking rate (e.g. ratio of vacuole:frustule), 

aggregation and vertical mixing (Raven and Waite 2004). Some, if not, all of these 

factors are likely to play a role in determining whether these siliceous particles are 

sequestered to the sediments in this region.  



Chapter 4: Spatial mapping of FTs across environmental gradients 

 

 127 

This study also emphasises the role field surveys play in the appreciation of real-world 

variability. The range of diatom silicification (Si:C) across Northern Australia spanned 

several orders of magnitude, comparable to field studies conducted in the northeast 

subarctic Pacific Ocean (Durkin et al. 2012). Our study contributes to the growing body 

of research that demonstrates real-world variability can be greater than results observed 

in manipulative experiments in the laboratory, even when interactions and multiple 

species are considered. Spatial mapping studies such as ours may provide the key to 

understanding what drives this functional trait variability, and in turn, what governs 

regional differences in BSi production across the global ocean.  

4.4.4 Implications and future studies  

The ATS is a highly productive region, especially during the austral winter (Alongi et 

al. 2011), and until now the Si-related biogeochemical processes mediated by the 

diverse diatom flora of this region (Hallegraeff and Jeffrey 1984) were unknown. To the 

best of the authors knowledge, this study has provided the first characterisation of the 

diatom morphotypes contributing to the standing stock of BSi and the rate of BSi 

production in this region, and for any Australian ocean. Our findings reveal that the 

ATS is not only an important oceanic province for primary production, but also BSi 

production due to the heavily silicified resident diatom community; meaning diatoms 

from the ATS play a significant role in the C and Si biological pumps of Northern 

Australia. Contrary to our hypothesis, N-limitation had no observable effect on BSi 

production at the community- or cellular-level in the ATS and CS. Instead, similar to 

other studies, we find that differences in silicification do not appear to be due to short-

term physiological responses to ambient conditions such as N concentration, but are due 

to the long-term prevailing physico-chemical settings characteristic to each ocean 

province.  

This study has furthered our understanding of the role phytoplankton phenotypes have 

in mediating marine biogeochemical processes by attributing the diversity of cell-

specific silicification with BSi surface production. We demonstrate that fluorescent 

tracers such as PDMPO provide an easy and cost-effective method to explore functional 

trait diversity in diatoms across spatially and temporally diverse gradients. Future 

scientific campaigns in this study region should adopt similar approaches to examine 

temporal variability in Si and C cycling, as frustule silicification among other 
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biogeochemical processes are known to vary seasonally (Conley et al. 1989, Shimada et 

al. 2006). Finally, conducting parallel studies that perform PDMPO incubations 

throughout the entire water column, and in combination with particle interceptor traps, 

could further understanding of the biophysical processes that control variability of C 

and Si fate between different oceanic provinces.  
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4.7 Supplementary Figures

 

Supplementary Figure 4.1 Vertical down-cast profiles of chlorophyll a (solid lines) measured in relative 
fluorescent units (RFU) from sites sampled within the Arafura Timor Shelf (1-6) and Coral Sea (7-10). 
Where present, dotted lines indicate sites where a subsurface chlorophyll maximum was discernable and 
with their location corresponding to the depth water samples were taken. Numbers on plot indicate 
bottom depth (m) for each station. 
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5.1 Introduction 

Of all abiotic factors that regulate life on Earth, temperature has a fundamental 

importance because of it’s universal effects on biological rate processes that control 

nearly all physiological functions (Johnston and Bennett 1996). Understanding how 

organisms adapt to temperature has long intrigued both physiologists and evolutionary 

biologists (Angilletta 2009). More recently this interest has gathered momentum in the 

context of global change, particularly in ectothermic organisms, due to their basic 

physiological functions (e.g. growth, reproduction) being governed by the ambient 

environmental temperature (Huey and Kingsolver 1989). 

In the face of contemporary changes to thermal regimes, organisms have two choices: 

relocate to a more hospitable region or stay put and cope (Hofmann and Todgham 

2010). Many adult organisms are sessile, and only have the latter option, which involves 

genetic and non-genetic components of physiological adjustment, depending on whether 

the temperature change is within an individuals’ life-span or persists over multiple life-

spans (Clarke 1996). Differentiating between these two timescales is complicated for 

organisms such as microbes that often encounter natural variations in temperature on 

time-scales that are equivalent to their short generational times (i.e., hours-days). In 

extreme cases, diel fluctuations in sea surface temperatures SST can exceed 5 °C 

(Kawai and Wada 2007). 

Phytoplankton are a diverse group of photosynthetic marine microbes that are 

distributed throughout the upper ocean and play a unique role in the functioning of 

marine ecosystems. They underpin the marine food web and their metabolic activity 

mediates the biogeochemical cycles of many elements (Falkowski et al. 1998). Due to 

their planktonic nature, physical processes of advection and mixing determine their 

thermal exposure history (Lévy et al. 2014) and ultimately their survival depends on 

their ability to acclimate (physiologically adjust) to environmental conditions. Short-

term (hours-weeks) temperature acclimation is well documented for phytoplankton 

exposed to temperature changes equivalent to individual life-spans (Davison 1991), but 

their ability to cope with temperature changes that persist for many generations 
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(between generational exposure; months to years) is now receiving more attention 

(Huertas et al. 2011, Schluter et al. 2014). 

The temperature window in which an organism can survive and reproduce dictates the 

thermal niche width of an individual, that dynamically changes over time through 

physiological and biochemical processes that enable cellular adjustment/acclimation 

(Angilletta Jr 2013). Theory predicts prolonged exposure (over multiple generations) to 

a certain environment provides cellular cues for permanent changes that enhance 

performance for this environment, a theory that has become known as The Beneficial 

Acclimation Hypothesis (Huey and Berrigan 1996). Long-term (weeks-years) 

experiments and reciprocal transplant assays have served as a valuable tool for testing 

this hypothesis, particularly in microbes. In experiments with the bacterium, 

Escherichia coli, adaptation (over tens-hundreds of generations) to high temperatures 

sometimes enhances fitness under these new conditions, but not always (Bennett and 

Lenski 1997). Whilst vast differences exist between phytoplankton and bacteria, such in 

vitro evolution experiments provide an appropriate framework for assessing the effects 

of phenotypic acclimation on microbial performance, but until recently had not been 

considered in the context of phytoplankton and climate change (Reusch and Boyd 

2013).  

Most reciprocal transplant assays have been directed towards understanding the long-

term (weeks-years) effects of ocean acidification (for a review see Collins et al. 2014), 

whereas other variables such as temperature have received less attention. An 

experimental population from the genus Symbiodinium (the coral symbiotic 

dinoflagellate) adapted to warmer temperatures (60 generation exposure to ambient +8 

°C) was able to grow and reproduce at these hotter, whereas non-adapted individuals 

could not (Huertas et al. 2011). Others have examined the adaptability of important 

functional traits (Schluter et al. 2014), the underlying elements of a phenotype that 

dictate fitness and ecological function (Litchman and Klausmeier 2008), but it remains 

unknown what costs are associated with this high temperature adaptation.  

Acclimation, irrespective of whether it is beneficial or not, imposes energetic costs to 

the individual that are often expressed as trade-offs between FTs, which ultimately 

affect fitness because energy must be expended to tune an individual’s physiology to 

match the altered environment (Angilletta Jr 2013). The associated costs of high-
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temperature adaptation in phytoplankton are largely unknown but have been observed 

for other microbes such as bacteria. For example, an increase in fitness at high 

temperatures comes at a cost to performance at cold temperatures (Bennett and Lenski 

2007). Trade-offs can be visualised through TPCs that describe the relationship between 

an organism’s traits (e.g. fitness) and their immediate thermal environment. 

Understanding these trade-offs in phytoplankton have significant implications for the 

functioning of marine ecosystems because many FTs are directly or indirectly related to 

ecological and biogeochemical processes (Falkowski et al. 1998, Litchman and 

Klausmeier 2008). 

To further understand the ecological and biogeochemical implications of adaptation to 

supra-optimal temperatures in phytoplankton, we assessed the benefits and costs of 

adaptation (approximately 500 generations) to supra-optimal temperature (ambient +5 

°C) on the performance of a free-living, tropical, benthic dinoflagellate, Amphidinium 

massartii. We first evaluated whether high-temperature (HT) adaptation and HT 

acclimation produces similar phenotypes and assessed if this HT-adaptation was 

reversible by conducting a reciprocal transplant assay. Secondly, to understand the 

physiological constraints of HT-adaptation, we obtained TPCs for multiple traits 

(fitness, photosynthesis and net flux of dissolved nutrients) in both adapted and non-

adapted populations.  
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5.2 Methods and Materials 

5.2.1 Establishment of high-temperature adapted strain and culture conditions  

The tropical benthic dinoflagellate, Amphidinium massartii CS-259 was obtained from 

the Australian National Algae Culture Collection (CSIRO, Hobart, Australia), founded 

from a single cell isolated from Kurrimine Beach, Queensland, Australia. Members of 

Amphidinium are considered ‘model dinoflagellates’ for both genetic and ecological 

studies due to their: relatively small genome size and genetic transformability for use in 

DNA manipulation studies (LaJeunesse et al. 2005, Lohuis and Miller 1998), abundance 

and wide distribution in benthic systems (Lee et al. 2003), and rapid reproductive rates 

that make them easy to culture.  

A. massartii was maintained in semi-continuous batch cultures in cell culture flasks (BD 

Biosciences, California, Unites States of America) in seawater medium (0.2 μm filtered 

coastal seawater obtained from the Port Hacking National Reference Station, PH100, 

New South Wales, Australia) with modified f/2 enrichment lacking silicic acid (Guillard 

and Ryther (1962); 8.82 x 10-4 M NaNO3; 3.62 x 10-5 M, NaH2PO4 H2O, trace metal 

solution and vitamin solution. Cultures were maintained at tropical conditions of 25±0.5 

°C (control temperature; CT) and an irradiance of 100 µmol photons m-2 s-1 on a 12 

h:12 h light:dark cycle. A HT-adapted population (HT-population) was established by 

transferring the parent culture from the CT through a series of increasing temperatures 

(+2 °C steps) until a sub-lethal temperature (30 °C) was reached (Hou 2011). This HT- 

population was maintained at 30±0.5 °C whilst the non-adapted, parent culture (CT-

population) was maintained at of 25±0.5 °C for more than three years (~500 

generations) before experimentation commenced.  

5.2.2 Experimental set up and sampling: 

5.2.2.1 Reciprocal transplant assay to estimate costs of acclimation and 

adaptation  

To provide insight into the environmental effects and potential costs of adaptation, a full 

reciprocal transplant assay was performed using an inoculum from the CT- and HT-

populations. Triplicate cultures (250 mL; BD Biosciences, California, United States of 

America) of each population were assayed at two temperatures (25 and 30 ˚C) under 
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100 µmol photons m-2 s-1 (12 h: 12 h, light: dark cycle). A phenotypic characterisation 

of the CT- and HT- populations was undertaken by measuring a variety of traits, as 

described below. To evaluate the effects of HT acclimation, the mean trait values of the 

CT-population at 30±0.5 ˚C were compared to those at 25±0.5 ˚C. To determine 

whether the duration of high-temperature exposure had differential costs or benefits 

associated with HT acclimation vs.adaptation; the mean trait values of CT-population at 

30±0.5 ˚C were compared with the HT-population at 30±0.5 ˚C. Finally, to ascertain 

whether the phenotype of HT-adaptation remained fixed or was reversible, values of the 

HT-population at 25±0.5 ˚C were compared to the HT-population at 30±0.5 ˚C and CT-

population at 25±0.5 ˚C, respectively. For each trait, data were tested for normality and 

homogeneity of variance before performing statistical analysis. One-way ANOVA was 

used to determine whether there were significant differences between treatments with 

subsequent Tukey’s honestly significant differences (HSD) post-hoc comparisons. 

Differences were accepted as significant at p <0.05.  

5.2.2.2 Thermal performance curves to examine fitness trade-offs 

To acquire TPCs of fitness and other FTs (photophysiology, carbon assimilation, nitrate 

and phosphate uptake; described below) for the A. massartii CT- and HT- populations, 

cultures (40 mL) were grown in triplicate glass vessels for at least five generations over 

a temperature gradient spanning 17 to 40 ˚C. This temperature range was selected as to 

capture the minimum and maximum temperatures for growth (CTmin and CTmax, 

respectively) in order to constrain estimates of these parameters in later analysis 

(discussed below). A temperature gradient was established using a thermal gradient 

block: an aluminium block (30 × 15 × 150 cm) bored to accommodate glass vials (~40 

mL) (for experimental set-up see Supplementary Figure 2.1). Circulation immersion 

heater chillers (Julabo GmbH, Germany) at opposite ends maintained the temperature 

differential (±0.25 ˚C per gradient position), monitored using a calibrated thermocouple 

(Comark, United Kingdom) over the course of the experiment. Light (cool white) was 

supplied (100 μmol photons m-2 s-1) by an array of LEDs (Schenzen Cidly Group, 

China) set to a 12 h:12 h light:dark cycle. This irradiance was consistent with previous 

light conditions of inoculum cultures and was verified with a microspherical quantum 

sensor (Walz, Germany). Samples were harvested daily to measure, growth, cell 

viability, photosynthetic health and dissolved inorganic nutrient stocks. Each replicate 
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was monitored independently (using daily cell count measurements) in order to target 

exponential phase, where samples for gross primary productivity (GPP) were harvested 

and net uptake rates of inorganic nutrients were calculated.  

5.2.3 Characterisation of phenotype: trait analysis 

5.2.3.1 Growth and viability  

Phenotype fitness was assessed across the thermal gradient (17 to 40 ˚C) using methods 

previously described in Baker et al. (2016) with small modifications. Briefly, samples 

of 500 µL were harvested from each temperature treatment and incubated in the 

presence of a nucleic acid stain (SYTOX green, Molecular Probes, Leden, Nederland; 

final concentration 0.5 µM) in order to discriminate between dead and living cells. This 

discrimination is based on cell membrane integrity, whereby the stain is impervious to 

live cells but permeates dead cells, resulting in positively stained dead cells and 

negatively stained live cells. Counts were performed daily using a flow cytometer 

(Accuri, Becton Dickinson, Brussels, Belgium). A minimum of 1000 particles were 

counted and population statistics were calculated using gates that were consistent across 

the experiment, acquired with the same instrument settings. Growth rate estimates were 

then made using abundance of viable cells. For the temperature at which growth ceased 

in each treatment, a lethal exposure time (i.e. the time at which 50% of the population 

was viable; Lex50) was calculated for each population. Mortality data in both treatments 

were first adjusted for the observed mortality at the Topt and the data were then fitted 

with an exposure-response function for computation of Lex50 using Origin Pro software 

(Origin Corporation Inc., 2015).  

5.2.3.2 Cell size  

Cells were harvested in exponential growth phase when volumes of 2 mL were sampled 

and stored in glutaraldehyde (final concentration 1% v/v) until later analysis. Small 

changes in cell size may have resulted from this fixation procedure, and as a result, we 

compared relative differences. Samples were loaded into a Sedgewick-Rafter counting 

chamber (Graticules Limited, England) and images captured via microscopy (×20; 

bright field; Nikon Eclipse Ti, Nikon, Japan). Image processing was automated via an 

image processing script written for Image-J software as described in Suggett et al. 

(2015). Cell volume was estimated from cell diameter and assuming cells were 
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ellipsoidal (Hillebrand et al. 1999). A minimum of 1500 cells was measured and the cell 

volume was determined as the median of the cell population.  

5.2.3.3 Fatty acid composition analysis  

Given the fatty acid (FA) composition of membranes has been shown to confer thermal 

sensitivity or tolerance in dinoflagellates (Tchernov et al. 2004), we examined the effect 

of temperature on saturated and unsaturated FA composition of adapted and non-

adapted populations. Samples of 150 mL were harvested at late-exponential early-

stationary phase and centrifuged at 5000 g for 10 min at 20 ˚C. The supernatant was 

discarded and the cell pellets were stored frozen at –20 ˚C until analysis (within 6 

months).  

Fatty-acid methyl ester (FAME) analysis was performed as per previously reported 

methods of Folch et al. (1957) and Carreau and Dubacq (1978). Lyophilised biomass in 

the tube was combined with a 3 mL mixture of chloroform and methanol 2:1 [v/v] and 

vortexed for 3 min to allow lipids in algal cells to be extracted, the tube was then 

centrifuged at 2000 g for 15 min. Supernatant was collected and the residue re-extracted 

twice with 2 mL of the above solvent mixture. Supernatants were pooled and 

evaporated to dryness under a stream of nitrogen. The resulting crude lipid mass was 

saponified in the presence of 1 mL 1% NaOH for 15 min at 55 ˚C. Samples were 

allowed to cool, an internal standard was then added (10 µL; nonadecanoic acid [1 

mg/mL], Sigma Aldrich, NSW, Australia), followed by transesterification in the 

presence of 2 mL 5% methanolic HCl solution for 15 min at 55 ˚C. To aid phase 

separation, 1 mL MilliQ was added, followed by 1 mL hexane. The reaction mixture 

was allowed to settle and the top, fatty acid enriched, non-polar phase was collected and 

transferred to a gas chromatography (GC) sample vial. Liquid-liquid extraction with 

hexane was repeated and the pooled hexane layer was evaporated to dryness under 

nitrogen.  

The resultant residue was reconstituted in 100 µL hexane and analysed by GC-MS (gas 

chromatography- mass spectrometry; Agilent 7890 series GC coupled to an Agilent 

quadrupole MS(5975N)) on a HP-5MS fused capillary column (5%-phenyl-

methylpolysiloxan, 30 m long, 0.25 mm i.d., film thickness 0.25 μm, Agilent 

Technologies). Splitless mode of injection (5 µL volume) was used with a purge time of 
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1 min. Injection volume was 5 µL. The injector temperature was held at 280 °C. Initial 

column temperature was 50 °C (held for 2 min) and increased at a rate of 4 °C min-1 to 

220 °C and then increased to 300 °C at a rate of 60 °C min-1 (held for 3 min). Data was 

analysed using Agilent GC Chemstation software where peaks were identified by 

matching the retention time and mass spectra of high purity FA (99.9%) standards 

(Sigma Aldrich, NSW, Australia). 

5.2.3.4 Chlorophyll a analysis  

Samples (2 mL) harvested in late-exponential early-stationary phase were centrifuged at 

5000 g for 5 min at 20 ˚C. The supernatant was discarded and cell pellets stored frozen 

at -80 °C until analysis (carried out within 3 months). Chlorophyll a extraction and 

analysis were performed as previously described in Baker et al. (2016). Briefly, 3 mL 

volume of extraction reagent (90% acetone: 100% dimethyl sulfoxide; 3:2 v/v) was 

added to cell pellets, vortexed and incubated for 15 min in the dark at 4 °C (Shoaf and 

Lium 1976). Chlorophyll a was determined using a calibrated fluorometer (TD-700, 

Turner Designs, USA) using the non-acidification method of Welschmeyer (1994). 

5.2.3.5 Photophysiology 

For the reciprocal transplant assay (whereby the CT- and HT- populations were 

introduced into the thermal environment of the other), steady-state RLC curves were 

conducted on all replicate samples in exponential phase. Here, dark-adapted (15 min) 

samples were measured in a Water-PAM (Walz, Effeltrich, Germany) that supplied red 

light (650 nm) at increasing intensities of 0, 1, 11, 21, 36, 56, 81, 111 and 146 μmol 

photons m-2 s-1. Light steps of 4-min duration were used with a saturating pulse every 

30 s. The average of the last three measurements at each light step used to calculate 

effective quantum yield (ΦPSII) relative electron transport rates (rETR) using the 

following equations: 

ΦPSII  =    (Equation 5.1) 

where, F’ and FM’ is the minimum fluorescence emission and the maximum 

fluorescence signal respectively, both in light-adapted state.  

rETR = PAR x ΦPSII x 0.85   (Equation 5.2) 
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where, PAR is photosynthetically active radiation. 

Once complete, a Photosynthesis-Irradiance curve was modelled by fitting rETR rates 

to a Jassby-Platt model (Jassby and Platt 1976) to derive the light utilisation efficiency 

(α) and light saturation irradiance (Ek) according to the equations in Ralph and 

Gademann (2005). 

To allow for the simultaneous analysis of multiple samples across a thermal gradient, a 

photosynthetic assessment of A. massartii was performed using an imaging-PAM 

(Walz, Effeltrich, Germany). Here, 300 μL samples were dark-adapted for 15 min, 

exposed to a saturation pulse (>2000 μmol photons m-2 s-1, 800 milliseconds; 450 nm) to 

determine maximum fluorescence yield (FM). Samples were then light adapted to their 

growth irradiance (100 μmol photons m-2 s-1) for 15 min, then exposed to another 

saturation pulse to determine effective quantum yield (Equation 5.1). Using values 

from both saturation pulses non-photochemical quenching (NPQ) was calculated using 

the following equation from Baker (2008). 

NPQ =    (Equation 5.3) 

5.2.3.6 Net flux of dissolved nutrients  

Estimates of net cellular uptake of N and P (added to cultures as NaNO3, NaH2PO4 

H2O) were determined by methods previously described in Baker et al. (2016). 

Subsamples of 1 mL were taken daily and centrifuged at 5000 g for 5 min at 20 ˚C. 

Supernatant volumes of 500 µL were removed and stored frozen at -20 °C until 

colorimetric analysis was conducted (within 3 months). Net flux was calculated as the 

difference between nutrient concentrations at the start and end of the experiment. Each 

nutrient concentration was normalised to cell abundance to account for differences in 

growth. 

Briefly, NO3
- contents were determined indirectly via the vanadium chloride (VCl3) 

reduction reaction as described in Schnetger and Lehners (2014). Specifically, NO2
- 

concentrations were determined by adding 30 µL of Griess reagent (0.2% N-1-

naphthylethylenediamine dihydrochloride (NEDD) solution and 2% sulfanilamide 

solution, 1:1 [v/v]) to 300 µL of sample or standard, mixed thoroughly and incubated 
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for 45 ˚C for 30 min. Total NOx (NO3
- + NO2

2-), was determined by adding 150 µL of 

reduction reagent (VCl3 0.05M prepared in 1.02N HCl and Griess reagent 5:1, [v/v]) to 

180 µL of sample or standard, mixed thoroughly and incubated for 45 ˚C for 60 min. 

Absorbance was then read using a spectrophotometer at a wavelength of 540 nm across 

independent samples and the average of four replicate reads was used. The NO3
- values 

were linear between 1 and 100 µM and the detection limit was 0.15 µM. 

Inorganic P (PO4
3-) was determined by the sensitive detection method of Hoenig et al. 

(1989). The detection reagent was prepared by combining ammonium molybdate (2.6g/ 

100mL) with 2.5N HCl, 1:1 [v/v] immediately before analysis. From this solution, 180 

µL was then added to 70 µL sample (previously diluted 1:10 with MilliQ) or standard 

and analysed within 5 min. Absorbance was then read using a spectrophotometer at a 

wavelength of 620 nm and the average of four replicate reads was used. Inorganic 

phosphorus values were linear between 1 and 15 µM and the detection limit was 0.95 

µM. Where necessary, samples were diluted in order to obtain concentrations within the 

linear detection range of each colorimetric method. 

5.2.4 Data analysis 

Trait responses to changes in temperature are characterised by TPCs described by three 

thermal properties: maximum trait value, optimum temperature for trait and thermal 

niche width (the temperature range over which the trait value is positive, i.e., between 

the CTmin; critical minimum temperature and CTmax; critical maximum temperature). We 

estimated these thermal properties for each trait by fitting a thermal tolerance function 

to the data (Thomas, 2012) using the following equation:  

     (Equation 5.4) 

where  

The shape of the TPC is controlled by three important temperature traits, CTmin and 

CTmax (which determine the thermal niche width), a and b (coeffecients of the 'Eppley' 

curve; Eppley 1972), an exponential relationship thought to provide the constraint on 

community-level phytoplankton growth as a function of temperature, and Tav which 

determines the location of the maximum quadratic portion of this function. When fitting 
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curves to data for individual traits, it was found that estimates of CTmin produced 

unrealistic results and therefore it was necessary to constrain b and CTmin to positive 

values.  

The point estimates for values of the thermal properties listed above were calculated as 

in Baker et al. (2016) using MLE (assuming normally distributed errors) and the CI 

were calculated by parametric bootstrapping. To determine whether differences in 

thermal properties (i.e., maximum trait value, optimum temperature for trait and thermal 

niche width) for each trait were statistically significant between the CT- and HT-

populations, we calculated the 95% CI for the difference between the two population 

means for each trait. We considered these differences to be significant at alpha =0.05, if 

the 95% CI did not contain the null hypothesis (i.e. the mean difference was zero).  
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5.3 Results 

5.3.1 Costs, benefits and reversibility of high temperature adaptation 

Costs of HT acclimation were not evident across all FTs, as the value of some traits 

increased/decreased in the CT-population at 30 °C in comparison to 25 °C, whilst others 

did not (Figure 5.1). Furthermore, a comparison of FT within the same population 

under HT acclimation (5 generations of exposure) and adaptation (~500 generations of 

exposure) revealed no observable change in fitness and little difference in the remaining 

FTs i.e., the phenotype of CT-population was similar to HT-population at 30 °C.  

Overall fitness of A. massartii was unaffected by HT acclimation because growth rates 

of the CT-population were comparable between 25 and 30 °C (p >0.05; open bars, 

Figure 5.1a). Similarly, cellular traits such as FA unsaturation index (Figure 5.1c), 

cellular chlorophyll a content (Figure 5.1d) and saturation irradiance (Figure 5.1f) did 

not change following short-term (5 generations) exposure to high temperature. In 

contrast, in the CT-population, increases in cell volume were observed (p =0.027; 

Figure 5.1b), as well as greater rates of maximum electron transport (p =0.030; Figure 

5.1e) at 30 °C compared to 25 °C. Consequently, these observations indicate that HT 

acclimation results in a phenotype with comparable fitness to that expressed under 

ambient temperatures. However cells were larger and despite the same chlorophyll a 

content, were capable of transferring more energy to downstream photosynthetic 

processes (i.e. had greater ETRmax) indicative of greater photosynthetic capacity.  

This high temperature phenotype was similar between HT acclimation and adaptation, 

with one significant difference: the unsaturation index of FA, was greater in the CT 

population than the HT-population at 30 °C (p=0.022; Figure 5.1c). These results 

indicate that HT acclimated and adapted phenotypes can only be distinguished by one of 

the six traits measured in this study: the biochemical composition of FA.  

Reversibility of HT adaptation was not consistent across all measured FTs. Some traits 

remained fixed and did not revert during a short re-acclimation period (5 generations) to 

the CT including growth rate (Figure 5.1a), FA unsaturation index (Figure 5.1c), and 

ETRmax (Figure 5.1e). However, the reduced pigmentation of cells at high temperatures 

was dynamically altered to levels expressed by the CT-population (Figure 5.1d). The 

remaining FTs changed in response to control temperatures but did not have the same 
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values as the CT population. For example, cell volume in the HT-population decreased 

by 60 % when grown at 25 °C compared to 30 °C, but still remained 50 % smaller than 

the CT-population (p <0.001; Figure 5.1b). Likewise, Ek of the HT-population 

decreased six-fold when grown at 30 °C compared to 25 °C (p <0.001; Figure 5.1f). 

Consequently, some traits of the phenotype remained fixed e.g. FA composition, whilst 

others were dynamic but did not necessarily reflect values of the CT-population e.g. 

smaller cell size. Therefore, reversibility of FT in the HT-population appears to be trait-

specific. 
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Figure 5.1 Physiological characterisation of the tropical dinoflagellate Amphidinium massartii following 
three years (~500 generations) of exposure to control (CT) or +5 °C (HT) conditions (25 °C versus 30 
°C). Mean trait values (± standard error of the mean, n = 3) of control-temperature (CT)-population and 
high-temperature (HT)-populations (open versus hatched bars, respectively) when assayed at control (25 
°C) and high (30 °C) temperatures (blue versus red bars, respectively) of (a) growth, (b) cell volume, (c) 
unsaturation index (unsaturated:saturated fatty acids), (d) chlorophyll a content per cell volume, (e) 
maximum electron transport rate, and (f) saturating irradiance. Letters above bars represent Tukey's 
honestly significant difference (HSD) between groups (p <0.05).  
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5.3.2 Trade-offs and evolution of the thermal performance curve following HT 
adaptation 

TPCs of the tropical, benthic dinoflagellate, A. massartii demonstrated a significant 

amount of thermal plasticity, with growth rates >0.25 d-1 over a large temperature range 

(Figure 5.2). In the CT-population, the MLE of the Topt for growth was 23.9 ◦C (95% 

CI, 21.6 to 25.9). However, long-term exposure to HT (~500 generations; 30 °C) 

significantly altered these thermal characteristics, with the directional changes for each 

trait summarised in Table 5.1.  

 
 

 

Figure 5.2 Thermal performance curves (TPC) of fitness in the dinoflagellate A. massartii depicting 
growth rate as a function of temperature in the control-temperature (CT)-population (blue symbols; n = 
36, MSE = 0.0022) and high-temperature (HT)-population (red symbols; n = 36, MSE = 0.0017). Each 
symbol represents a distinct biological replicate. Solid lines represent maximum likelihood estimates 
(MLE) and broken lines correspond to the 95% confidence intervals (CI) of the bell-shaped function 
(Equation 5.4), of the CT and HT-populations (blue and red lines, respectively). 
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Table 5.1 A summary of the statistically significant directional changes in thermal characteristics of traits 
measured in A. massartii following long-term high-temperature exposure (~500 generations at 30 °C).  

Trait Topt Vmax Niche CTmin CTmax 
Growth      
Carbon fixation =  = = = 
N uptake   = = = 
P uptake =  = =  

Photochemistry (ϕPSII) =    = 
Photoprotection (NPQ)   = = = 
      
Shown are Topt (thermal optimum), Vmax (maximum trait value attained), Niche (thermal niche width), 
CTmin (critical minimum temperature), CTmax (critical maximum temperature). Arrows depict the 
directional change in trait value of HT-population relative to CT-population, = means no detectable 
change. 

 

The HT-population attained higher maximum growth rates (0.35 d-1) at a warmer Topt of 

26.6 °C (95% CI, 26.0 to 28.2), in comparison to the CT-population (0.29 d-1; ~23.9 

°C)– corresponding to a 20% enhancement in fitness at temperatures almost 3 °C 

warmer (Table 5.2a; Figure 5.2). However, this increased fitness in the HT-population 

at warmer temperatures, was associated with a 40% contraction of the thermal niche 

(95% CI, 53 to 17) and a warmer CTmin (+14.6 °C; 95% CI, 5.1 to 15.5); effectively 

increasing the thermal sensitivity of the HT-population to colder temperatures (Table 

5.2a; Figure 5.2). Although, growth ceased for both the CT- and HT- populations at 

temperatures ≥38 °C, the HT-population displayed enhanced resistance to these lethal 

temperatures with longer lethal exposure times (Figure 5.3). Results indicate that the 

Lex50 for the HT-population was ~80 h longer than the CT-population at 40 °C, with a 

Lex50 of 160 h (R2 =0.90), compared to 24 h in the CT-population (R2 =0.86; Figure 

5.3a). In contrast to the CT-population, where 50% of cells exposed to 38 °C were not 

viable within 80 h (R2 =0.96), no lethal exposure time for the HT-population could be 

calculated and was estimated to be longer than 200 h (Figure 5.3b). 
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Figure 5.3 Exposure-response curves in the dinoflagellate A. massartii representing the percentage of 
viable cells (negative for SYTOX green nucleic acid stain) as a function of time (hours) of control-
temperature (CT)-population (blue symbols; n = 12) and high-temperature (HT)-populations (red 
symbols; n = 12) assayed at the two highest temperatures (a) 40 oC and (b) 38 oC where growth was not 
observed. Each symbol represents a distinct biological replicate. Solid lines represent maximum 
likelihood estimates (MLE) of the exposure-response function of the CT- and HT-populations (blue and 
red lines, respectively). 
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Table 5.2a Estimated thermal performance curve (TPC) parameters and associated uncertainty for control-temperature (CT)- and high-temperature (HT)-populations 
calculated from parametric bootstrapping for growth rate and gross primary productivity fitted using Equation 5.4; thermal optimum Topt, trait value at thermal optimum 
Vmax, critical maximum temperature CTmax, critical minimum temperature CTmin and thermal niche width. The mean squared error (MSE) approximation provides a measure 
of uncertainty of the fitted function, whereas the 95 % confidence intervals (CI) provide a measure of uncertainty on the derived parameters. The shift in TPC associated 
with HT adaptation (ΔHT) was calculated as the difference in derived parameters between the CT and HT population. These differences were considered to be significant at 
alpha = 0.05, if the 95% CI did not contain 0 (i.e. the null hypothesis rejected) and are indicated as bold text. 

Growth rate (d-1) Gross primary productivity (ng C cell-1 h-1) 
CT HT ΔHT CT HT ΔHT 

Topt MLE 23.94 26.61 2.83 28.47 29.67 0.81 
95% CI [21.60 , 25.95] [25.99 , 28.26] [0.56 , 5.55] [25.73 , 42.71] [27.32 , 31.70] [-7.57 , 4.62] 

Vmax MLE 0.29 0.35 0.06 1.08 1.904 0.796 
95% CI [0.27 , 0.31] [0.32 , 0.38 ] [0.027 , 0.093] [0.86 , 2.27] [1.58 , 2.19] [0.14 ,1.37] 

CTmax MLE 38.9 37.43 -1.48 36.57 36.66 0.1 
95% CI [38.08 , 40.04] [37.04 , 37.93] [-2.69 , -0.48] [34.76 , 44.87] [36.50 , 37.68] [-2.21 , 2.17] 

CTmin MLE 0.019 14.94 14.57 15.45 16.83 1.98 
95% CI [0.00 , 5.79] [6.38 , 15.59] [5.06 , 15.55] [0.018 , 36.32] [5.60 , 18.29] [-19.02 , 17.62] 

Niche 
width 

MLE 38.58 22.58 -15.88 22.06 19.97 -2.56 
95% CI [33.24 , 39.89] [21.68 , 30.75] [-17.71 , -6.72] [11.20 , 36.68] [18.27 , 30.92] [-17.29 , 10.99] 

MSE 0.002 0.002 0.13 0.13 
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Table 5.2b Estimated thermal performance curve (TPC) parameters and associated uncertainty for control-temperature (CT)- and high-temperature (HT)-populations 
calculated from parametric bootstrapping for non-photochemical quenching (NPQ) and effective quantum yield (ϕPSII) fitted using Equation 5.4; thermal optimum Topt, trait 
value at thermal optimum Vmax, critical maximum temperature CTmax, critical minimum temperature CTmin and thermal niche width. The mean squared error (MSE) 
approximation provides a measure of uncertainty of the fitted function, whereas the 95 % confidence intervals (CI) provide a measure of uncertainty on the derived 
parameters. The shift in TPC associated with HT adaptation (ΔHT) was calculated as the difference in derived parameters between the CT and HT population. These 
differences were considered to be significant at alpha = 0.05, if the 95% CI did not contain 0 (i.e. the null hypothesis rejected) and are indicated as bold text. 

Effective quantum yield (ϕPSII; a.u.) Non-photochemical quenching (NPQ; a.u.) 
CT HT ΔHT CT HT ΔHT 

Topt MLE 28.40 27.57 -0.84 28.26 26.75 -1.45 
95% CI [27.65 , 29.19] [26.18 , 29.53] [-2.50 , 1.28] [27.29 , 28.93] [25.89 , 27.70] [-0.17 , -2.62] 

Vmax MLE 0.40 0.13 -0.27 0.49 0.59 0.096 
95% CI [0.39 , 0.42] [0.11 , 0.15] [-0.30 , -0.25] [0.47 , 0.51] [0.57 , 0.61] [0.13 , 0.07] 

CTmax MLE 38.11 37.67 -0.56 38.13 37.76 -0.56 
95% CI [37.74 , 39.46] [32.40 , 38.47] [-5.9 , 0.43] [37.70 , 39.93] [36.64 , 38.96] [0.84 , -2.28] 

CTmin MLE 0.009 13.78 13.39 0.07 0.011 -0.037 
95% CI [0.00 , 5.43] [1.49 , 17.89] [0.78 , 17.61] [0.00 , 7.78] [0.00 , 1.67] [1.24 , -7.63] 

Niche 
width 

MLE 38.01 23.65 -14.18 37.84 37.68 -0.079 
95% CI [32.94 , 39.36] [15.42 , 34.94] [-22.43 , -2.43] [31.17 , 38.80 ] [35.84 , 38.87] [6.49 , -2.25] 

MSE 0.001 0.001 0.004 0.003 
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Table 5.2c Estimated thermal performance curve (TPC) parameters and associated uncertainty for control-temperature (CT)- and high-temperature (HT)-populations 
calculated from parametric bootstrapping for nitrate (NOx) and phosphate (PO4) uptake fitted using Equation 5.4; thermal optimum Topt, trait value at thermal optimum 
Vmax, critical maximum temperature CTmax, critical minimum temperature CTmin and thermal niche width. The mean squared error (MSE) approximation provides a measure 
of uncertainty of the fitted function, whereas the 95 % confidence intervals (CI) provide a measure of uncertainty on the derived parameters. The shift in TPC associated 
with HT adaptation (ΔHT) was calculated as the difference in derived parameters between the CT and HT population. These differences were considered to be significant at 
alpha = 0.05, if the 95% CI did not contain 0 (i.e. the null hypothesis rejected) and are indicated as bold text. 

NOX uptake (ng cell-1 h-1) Phosphate uptake (ng cell-1 h-1) 
CT HT ΔHT CT HT ΔHT 

Topt MLE 25.60 27.24 1.63 26.00 27.38 1.36 
95% CI [24.46 , 26.64] [25.97 , 28.10] [0.03 , 3.08] [24.98 , 26.94] [26.19 , 28.19] [-0.10 , 2.70] 

Vmax MLE 0.065 0.093 0.028 0.003 0.005 0.002 
95% CI [0.06 , 0.07] [0.09 , 0.10] [0.02 , 0.03] [0.003 , 0.003] [0.005 , 0.005] [0.001 , 0.002] 

CTmax MLE 38.51 37.84 -0.79 38.59 37.03 -1.54 
95% CI [37.97 , 39.70] [36.88 , 38.66] [-2.23 , 0.37] [38.01 , 39.61] [36.64 , 37.93] [-2.72 , -0.36] 

CTmin MLE 0.04 0.62 0.23 0.02 0.07 0.02 
95% CI [0.00 , 6.49] [0.00 , 10.37] [-4.82 , 9.60] [0.00 , 3.40] [0.00 , 9.10] [-2.93 , 9.00] 

Niche 
width 

MLE 38.281 36.90 -1.43 38.45 36.76 -1.83 
95% CI [32.31 , 39.56] [27.91 , 38.31] [-10.09 , 3.71] [35.17 , 39.55] [28.2 , 37.8] [-10.34 , 1.29] 

MSE 2.16 1.96 -0.005 0.005 
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The maximum values (Vmax) of ϕPSII were reduced by ~70% (95% CI, 72 to 64) in the 

HT-population and occurred over a smaller operational range of temperatures (Table 

5.2b; Figure 5.4a). These results were evidenced by the lower Vmax values for ϕPSII 

(0.13; 95% CI, 0.11 to 0.15) and a smaller niche width (-14.2 °C; 95% CI, -22.4 to -2.4 

°C). Similar to our observations for growth, an increase in the CTmin (rather than a 

decrease in the CTmax) appeared responsible for this niche contraction, increasing by 

13.4 °C (95% CI, 0.8 to 17.6 °C; Table 5.2b). Additionally, photoprotective 

mechanisms were altered following HT adaptation, with values of NPQ reaching higher 

maximum values (0.586; 95% CI, 0.567 to 0.608) in the HT-population, in comparison 

to 0.490 (95% CI, 0.471 to 0.514) the CT-population (Table 5.2b; Figure 5.4b). These 

differences were equivalent to an increase in NPQ of approximately 15%. Furthermore, 

there was greater regulated energy dissipation (NPQ) at colder temperatures in the HT-

population, with a significantly cooler Topt, -1.5 °C (95% CI, -0.17 to -2.60 °C) in 

comparison to the CT-population. Together these results suggest an up regulation of 

NPQ at colder temperatures in the HT-population; typically indicative of the absorption 

of light energy in excess of light utilisation and may be a result of the slowing of 

downstream processes such as C fixation.  
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Figure 5.4 Thermal performance curves (TPC) of photophysiological parameters in the dinoflagellate A. 
massartii portraying (a) effective quantum yield (ΦPSII), and (b) non-photochemical quenching (NPQ) in 
the control-temperature (CT)-population (blue symbols; n = 36, MSE = 0.0012) and high-temperature 
(HT)-population (red symbols; n = 36, MSE = 0.0010). Each symbols represents a distinct biological 
replicate. Solid lines represent maximum likelihood estimates (MLE) and broken lines correspond to the 
95% confidence intervals (CI) of the bell-shaped function (Equation 5.4), of the CT and HT-populations 
(blue and red lines, respectively). 
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Indeed, C fixation was reduced at cold temperatures in the HT-population, with 

complete cessation at 18 °C, and although low (0.5 ng C cell h-1), primary productivity 

was still measureable in the CT-population at this temperature (Figure 5.5). Low 

resolution of treatments at colder temperatures in conjunction with poor fits (MSE = 

0.129) resulted in non-detectable differences in CTmax, CTmin and hence niche width 

between the two populations. However, a significant difference in maximum C fixation 

was evident, with the HT-population fixing almost 0.8 ng C cell h-1 more than the CT-

population (Figure 5.2b). Similarly, maximum rates of N and P uptake were also 

greater in the HT-population with values of 0.0648 ng N cell h-1 (95% CI, 0.0627 to 

0.0676 ng N cell h-1) and 0.0031 ng P cell h-1 (95% CI, 0.0029 to 0.0032 ng P cell h-1) – 

almost 1.5 times rates of uptake in the CT-population (Figure 5.2c; Figure 5.6). 

However, enhanced uptake rates of C, N and P in the HT-population were proportional, 

with no significant difference in C:N, or C:P molar ratios between the two populations 

(Table 5.3). These results suggest an increase in the absolute requirement of nutrients 

with HT adaptation, but no significant alteration in elemental stoichiometry of 

particulate matter.  
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Figure 5.5 Thermal performance curves (TPC) of gross primary productivity (GPP) in the dinoflagellate 
A. massartii as a function of temperature in the control-temperature (CT)-population (blue symbols; n = 
36, MSE = 0.1235) and high-temperature (HT)-population (red symbols; n = 36, MSE = 0.1296). Each 
symbols represents a distinct biological replicate. Solid lines represent maximum likelihood estimates 
(MLE) and broken lines correspond to the 95% confidence intervals (CI) of the bell-shaped function 
(Equation 5.4), of the CT and HT-populations (blue and red lines, respectively). 
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Figure 5.6 Thermal performance curves (TPC) of nutrient uptake (net flux of dissolved nutrients) in the 
dinoflagellate A. massartii depicting (a) NOx (nitrate and nitrite), and (b) phosphate uptake in the control-
temperature (CT)-population (blue symbols; n = 36, MSE = NOx; 2.1618, PO4;-0.0053) and high-
temperature (HT)-population (red symbols; n = 36, MSE = NOx; 1.9561, PO4;0.0046). Each symbol 
represents a distinct biological replicate. Solid lines represent maximum likelihood estimates (MLE) and 
broken lines correspond to the 95% confidence intervals (CI) of the bell-shaped function (Equation 5.4), 
of the CT and HT-populations (blue and red lines, respectively).  
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Table 5.3 Estimated maximum carbon to nitrogen (C:N) and carbon to phosphorus (C:P) molar ratios in 
organic matter and associated uncertainty for CT and HT populations calculated using maximum trait 
value at thermal optimum (Vmax) estimates from parametric bootstrapping for carbon (GPP), nitrogen 
(NOx) and phosphorus (PO4

3-) uptake. A change in molar ratios associated with HT adaptation (ΔHT) was 
calculated as the difference in derived parameters between the CT and HT population. These differences 
were considered to be significant at alpha = 0.05, if the 95% CI did not contain 0 (i.e. the null hypothesis 
rejected) and are indicated as bold text. 

CT HT Δ 

C:N MLE 16.69 20.43 28.13 
95% CI [13.70, 33.49] [17.60 , 22.46] [5.69 , 41.48] 

     

C:P MLE 349.94 402.31 484.48 
95% CI [288.14 , 701.42] [348.74 , 437.83] [97.13 , 713.84] 
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5.4 Discussion 

This study has revealed the likely emergence of warm-specialists following adaptation 

to supra-optimal temperatures (≈2 °C below CTmax) and sheds new light on the 

physiological costs and benefits associated with HT adaptation in phytoplankton. 

Reciprocal transplant assays revealed similar phenotypes of dinoflagellates exposed to 

short (i.e., weeks) or long (i.e., years) -term exposure to HT, with the majority of traits 

comparable between adapted and non-adapted populations. However, whether or not 

these traits remain fixed or are reversed when re-exposed to CT appeared to be trait-

specific. The physiological constraints (costs and benefits) associated with HT-

adaptation could only be examined by comparing TPCs between the CT- and HT- 

temperature populations. Long-term warming caused a reduction in thermal niche width 

but an increase in maximum growth rate, increased tolerance to short-term periods of 

extreme heat at a cost of cold sensitivity, and finally, greater maximum rates of C 

assimilation but higher nutrient demand.  

5.4.1 High-temperature phenotype comprised of fixed and dynamic traits 

The overall phenotype of the HT-population was a combination of both fixed and 

reversible traits as evidenced by comparisons between the CT- and HT-populations at 

the CT (25 °C; 5 generations). The biochemical composition of FA remained similar in 

the HT-population when re-exposed to 25 °C for several generations (Figure 5.1c), 

whereas other cellular characteristics were dynamic (e.g. chlorophyll a content; Figure 

5.1d). These results demonstrate the time-scale of thermal exposure is important, 

especially when conducting multi-trait assessments, because some cellular changes may 

take longer to adjust than others, for example, weeks compared to hours or days.  

Some traits in the HT-phenotype showed the same directional change as the CT-

population when exposed to warmer temperatures but did not express the same values 

as the CT-population. For example, cell size remained almost half the volume of cells 

from the CT population (Figure 5.1b) and may help to explain why other traits 

expressed by the HT-population at HT were retained at control temperatures. Because 

smaller cells divide more quickly (Banse 1976, Raven 1998), this trait is likely to have 

resulted in similar fitness in the HT-population to the CT-population at both 25 and 30 

°C (Figure 5.1a). Similarly, being smaller may enable the HT-population to retain 
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higher values of ETRmax (Figure 5.1e). This is because smaller cells have lowered 

pigment-packaging effects and as a result can meet energy requirements of downstream 

reactions at lower incident irradiances (Raven 1998) i.e., the HT-population can achieve 

higher ETRmax at the same light and temperature conditions as the larger cells of the 

CT-population. However, other parameters related to light acquisition (e.g. Ek) were not 

stable, increasing six-fold when exposed to CT (Figure 5.1f). These findings suggest a 

significant increase in the photon flux density required for the HT population to achieve 

the same ETRmax and meet energy demands of downstream processes, such as C 

fixation, at the CT. Indeed, in a future ocean, an increase in shoaling may help to 

facilitate this increased requirement of higher irradiance by providing an increase in the 

average irradiance of phototrophs in the upper ocean (Doney et al. 2012). 

5.4.2 High-temperature phenotype remains indistinguishable from the control-
temperature phenotype under intermediate temperatures  

When exposed to temperatures previously encountered i.e., 25 and 30 °C, the HT 

phenotype could only be distinguished from the CT phenotype using a multi-trait 

analysis. Almost all measured traits had comparable values between the two populations 

during HT exposure, including fitness (i.e., growth rates; Figure 5.1a) and cell size 

(Figure 5.1b); traits that have previously been shown to be altered by HT adaptation in 

other phytoplankton types (coccolithophores; Schluter et al. 2014). Instead, differences 

between the dinoflagellate populations could only be detected on a biochemical basis, 

whereby adjustments in lipid composition were evident in the HT-population (i.e., 

increase in saturated FAs; Figure 5.1c). This result is consistent with those of HT 

tolerant higher plants (Upchurch 2008). Indeed, increased saturation of thylakoid 

membranes has been shown to help thermal stability of PSII in photosynthetic 

organisms (Tchernov et al. 2004). It is suggested this HT tolerance comes from 

stabilisation of lipid membranes (i.e. increase in saturated FAs) and reduces the 

susceptibility of damage by reactive oxygen species (Lesser 2006). 

Changes in the FA composition of cells appeared to explain the different shapes of the 

TPC in the HT versus CT population. The alteration in biochemical composition 

appeared to benefit the HT-population under supra-optimal temperatures (i.e., short-

lived extreme temperatures; Figure 5.3), but because this trait remains fixed when 

exposed to alternative conditions (e.g. ambient temperature; Figure 5.1c), their more 
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stable membranes appear to increase cellular susceptibility to cold temperature stress 

(Figure 5.2) (Sato et al. 1996) – representing clear physiological constraints in the HT-

phenotype. 

5.4.3 Costs and benefits associated with high-temperature phenotype  

Enhanced overall fitness over a narrower range of temperatures and warmer thermal 

optimum (i.e., increase in growth, Vmax, Topt and contraction in niche width, Table 5.2a; 

Figure 5.2) suggests that HT-adaptation results in the emergence of high-temperature 

specialisation (Angilletta Jr et al. 2003). An increase of the Topt is consistent with 

previous studies examining the evolution of the TPC following high temperature 

adaptation (bacteriophages,Knies et al. 2006, coccolithophores, Listmann et al. 2016). 

However, unlike Listmann et al. (2016) we do not find evidence of an increase in the 

CTmax, for growth, but instead find the contrary, i.e., a decrease in the CTmax (Table 

5.2a). Differences in isolation location may explain these differences, as low latitude 

(tropical) species (this study) typically have optimal temperatures closer to upper 

thermal limits (Chen 2015, Thomas et al. 2012); meaning the CTmax may be restricted 

from upwards shifts unlike high latitude species.  

Benefits of high-temperature specialisation in this tropical, benthic dinoflagellate 

included increased tolerance to high temperature extremes (≥ 38 °C), evidenced by a 

lengthening of the lethal exposure time in comparison to the CT-population (Figure 

5.3). These findings suggest that HT-adaptation benefits individuals through passive 

tolerance; enabling their persistence (rather than reproduction) during short-lived hostile 

periods (Pörtner 2002). However, an increase in cold sensitivity (i.e. warmer CTmin; 

Table 5.2a) is clear evidence of a generalist versus specialist trade-off (Angilletta Jr et 

al. 2003). These findings are significant as they suggest supra-optimal temperature 

adaptation may equip phytoplankton populations with advantageous life strategies to 

cope with extreme warming events, such as those predicted to increase in frequency 

with climate change (Meehl and Tebaldi 2004). In this particular benthic dinoflagellate, 

HT tolerance may increase its fitness in shallow water habitats during summer, but 

these populations are potentially at increased risk of seasonal cold temperature 

excursions.  
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For HT cells, being 50% smaller has additional benefits such as facilitating more 

effective acquisition of inorganic nutrients (C, N, P; Raven 1998 and references within) 

leading to higher Vmax values of C fixation, N and P uptake in the HT-phenotype 

(Figure 5.5, Figure 6.6 and Supplementary Table 5.1) and being used to support 

higher maximum growth rates (Table 5.2). Whilst these traits would be advantageous 

under oligotrophic conditions, smaller cells would be less competitive in nutrient-rich or 

variable nutrient environments due to reduced nutrient storage capacity (Marañón et al. 

2013, Verdy et al. 2009). Given the important ecological role that benthic 

phytoplankton have in storing nutrients at the sediment-water interface (Dudley et al. 

2001), this reduction in nutrient storage may make nutrients more available to the 

pelagic phytoplankton community and increase incidence of eutrophication in the above 

water column. Furthermore, despite lowered packaging effects satisfying downstream 

demands for electrons (e.g. C fixation), smaller cells are more susceptible to 

photoinhibition (Raven 1998) evidenced by the 70% reduction of ΦPSII in the HT-

population (Figure 5.4a). Although, smaller cells have been shown to rapidly repair 

PSII following damage (Key et al. 2010) elevated temperatures can slow this process 

(Takahashi and Murata 2008), resulting in net photoinhibition. The light sensitive 

nature of PSII in the HT-population is also reflected by increased NPQ at temperatures 

below the Topt (i.e. ~26 °C; Figure 5.4b)– further evidence of the costs of high-

temperature specialisation.  

ation. Indeed, cold temperature exposure can mimic photoacclimation to high-light, 

acting as a signal for acclimation involving physiological, biochemical and molecular 

adjustments of the photosynthetic apparatus (Maxwell et al. 1995, Maxwell et al. 1994). 

Indeed, greatest values of NPQ in the HT-population (i.e. Vmax; Table 5.2) coincide 

with temperatures at which C fixation and growth begin to decline towards the CTmin 

(~26 °C; Figure 5.2 and Figure 5.5). As a result, the perception of excess light energy 

by the HT-population and preferential dissipation as heat, means at colder temperatures, 

fewer electrons may be directed to downstream processes and may create sink-

limitations, e.g. in the Calvin Cycle. This may help explain why C fixation and growth 

become inhibited due to a reduction in available reductants (i.e. ATP and NADPH). 
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5.4.4 Implications and further research  

In this study, a multi-trait analysis provided a phenotypic characterisation of a HT-

adapted phytoplankton population, and in conjunction with TPCs furthered our 

understanding of the associated physiological constraints to warming. The emergence of 

a population specialised for higher temperatures but increased sensitivity to colder 

temperatures, has significant implications for niche evolution of phytoplankton adapted 

to warmer oceans. Firstly, thermal specialists can achieve greater maximum growth 

rates but over a narrower range of temperatures. In environments with increased thermal 

stratification this is potentially a competitive strategy, but is likely to be less 

competitive in fluctuating thermal environments e.g. extreme events. Secondly, smaller 

cells may facilitate more efficient nutrient acquisition and utilisation but trade-off 

maximum storage capacity, making HT phenotypes more competitive under 

oligotrophic conditions and less competitive under nutrient-rich environments. Finally, 

smaller cells can meet energy requirements at lower irradiances but are more 

susceptible to photoinhibition compared to larger cells in similar light environments. 

Together, these traits associated with thermal specialisation also make them specialised 

for low-light, low-nutrient environments and less competitive under fluctuating, 

nutrient-rich environments. As a result, it is possible benthic dinoflagellates may 

vertically migrate deeper into sediments where temperatures are more buffered from 

fluctuations in the above water column, light incidence is lower, and hence 

environmental conditions are more favourable. As a result, it is possible future warm 

oceans will create ideal conditions for HT-adapted dinoflagellates dominating under 

thermally-stratified environments. Contrary to previous findings in a temperate species 

of coccolithophore, we do not observe an increase in the CTmax with long-term warming 

but instead report an increase in the CTmin for a tropical dinoflagellate. Future studies 

should examine whether these disparities are related to functional-group or latitudinal 

differences between the two species. Finally, the future ocean represents a complex, 

multifaceted environment where alterations in the mean and variance of numerous 

environmental factors are changing concurrently. As a result, it remains unknown how 

the TPCs of existing genotypes will change when faced with multiple selection regimes, 

whether these adaptive mechanisms will facilitate the persistence of current species or 

whether they will be replaced by other species/strains better suited to these novel 

conditions.  
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5.7 Supplementary Tables 

Supplementary Table 5.1 Net flux of nitrate (NO3
-) and phosphate (PO4

3-) in CT- and HT-populations of 
A. massartii at 25 and 30 °C estimated using cell size data from reciprocal transplant assay and nutrient 
data from thermal performance curve (TPC) experiments.  

A. massartii 
population 

Assay temperature NO3
-
 uptake PO4

3- uptake 

 (°C) (ng m3  h-1) (ng m3  h-1) 

CT 25 1.0 × 10-4 1.0 × 10-5 

30 7.0 × 10-5 7.0 × 10-6 

    

HT 25 4.0 × 10-4 3.0 × 10-4 

30 1.6 × 10-4 1.6 × 10-4 
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The healthy functioning of our marine ecosystems is not only dependent on the 

abundance and productivity of phytoplankton but also the composition of these 

communities, as it is this community structure that influences food webs and 

biogeochemical cycling. Examining how bottom-up environmental processes regulate 

phenotypic distributions of phytoplankton can further our understanding of ecological 

and biogeochemical niches and help to determine the likelihood of these changing under 

ocean climate change. In this thesis, I have addressed some of the existing gaps in 

knowledge of the direct implications of warming on phytoplankton. In particular, I 

present data that contributes towards a better understanding of how the overall 

phenotype and underlying FTs are linked to the ocean cycling of C, Si and N and how 

these processes are affected by temperature. A combination of field and laboratory 

studies delivers new information on environmental processes that control FT 

expression, in particular temperature, and how acclimation and adaptation at the cellular 

level influence the overall phenotype. The key findings and implications for these 

insights are discussed in the following sections and future research directions that 

transpire from the thesis are presented.  

6.1 The role of functional trait diversity in regulating biogeochemical cycling 

While species diversity at the community-level provides resilience to ecosystem 

disturbance, FT diversity at the cellular level (i.e., phenotypic plasticity) allows species 

to persist in unfavorable conditions; effectively expanding extant niches. Examining FT 

diversity over spatially diverse gradients provides insight into the range of natural FT 

variability, how clusters of environmental characteristics select for different phenotypes, 

and the primary controlling factors of FT expression. This information can be used to 

map the spatial distributions of phenotypes and, when superimposed over the 

biogeographical provinces of Longhurst (2010), provides an opportunity to link 

phytoplankton phenotypes with their biogeochemical functions. 

The FT spatial mapping approach was adopted in Chapter 3 to survey an important 

diatom-related FT over two distinct and ecologically important biogeographical 

provinces of Northern Australia. The study showed that the Arafura-Timor Shelf and 

Coral Sea fostered diatom communities that were clearly different from one another, in 

terms of both structure and function. The well-mixed and more silicic-acid-rich waters 
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of the Arafura-Timor Shelf supported communities dominated by more heavily 

silicified taxa and centric species, whereas the more stable and oligotrophic Coral Sea 

favored less silicified and pennate species. The phenotype therefore played a significant 

role in the determining the overall community structure and silicification, and in turn 

could be shown to control differences in organic matter composition (POC:BSi), BSi 

production and the capacity for the downward export of C between the two ocean 

provinces. By linking silicification, a FT that is entwined with the role diatoms play in 

C and Si cycling, this study demonstrated the informative power that FT mapping can 

provide in enhancing our understanding of how different clusters of environmental 

properties influence phytoplankton phenotypes, and in turn, control differences in 

biogeochemical fluxes between different oceans.  

6.2 Environmental ‘filtering’ on functional traits 

Spatial mapping of silicification not only revealed the diversity of the diatom flora 

present and the variability in Si and C fluxes, but also offered a snapshot view of how 

the biogeochemical role of diatoms may be altered by ocean climate change (Chapter 

4). By studying the emergent phenotypes and their associated biogeochemical processes 

in marine environments that are similar to those forecasted for future ocean regions, this 

thesis offered predictions of how current marine cycling in other regions may be 

affected under future climate change. The warm, oligotrophic and Si poor conditions of 

the Coral Sea selected for diatoms with less silicified frustules and morphologies 

adapted for low-silicate regimes (e.g. pennates; Finkel and Kotrc 2010). These findings 

suggest that diatom phenotypes with less silicified frustules are better suited for these 

conditions, and are likely to emerge in future oceans that are becoming increasingly 

warmer and more Si-poor (e.g. SE Australia; Thompson et al. 2009).  

Diatom populations that currently inhabit ocean-warming hotspots, such as SE Australia 

show significant thermal tolerance and FT plasticity when exposed to short-term (hours) 

perturbations in temperature (Chapter 3) and therefore may possess the diversity 

required when faced with the longer-term decadal changes that are predicted. When 

diatoms were exposed to temperatures 10 °C higher than current in situ temperatures, no 

significant alterations in biogeochemically-related FTs were detected, including frustule 

silicification, which has previously been shown to decrease by ~5.7±1.5 % °C-1 in T. 
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pseudonana cultures (Baker et al. 2016). Differences between these patterns in FTs may 

be related to higher-order processes, such as species sorting (i.e. selection by local 

environmental conditions), that are unavailable for a single species but are clearly 

important in maintaining the overall fitness of phytoplankton communities in response 

to environmental change (Litchman et al. 2012). In the case of species sorting, species 

with compatible FTs may replace redundant species with non-functional FTs (Cornwell 

and Ackerly 2009). This reshuffling is likely to occur within a phytoplankton 

community over a thermal gradient because species that are morphologically identical 

could have a different Topt. As a result, at each temperature, the fittest diatom species 

could replace the previous ‘unfit’ diatom species and still possess the same FT value as 

the previous species (Figure 6.1).  

In this way, temperature indirectly selects for a ‘fit’ frustule silicification value, due to 

its relationship with growth (Baker et al. 2016). These changes in community structure 

may help to explain conflicting reports on the effect of temperature on frustule 

silicification between laboratory (Baker et al. 2016) and field (Chapter 4) studies, as 

this reshuffling would be undetectable using flow cytometry methods alone. As a result, 

it is suggested that species-sorting may be the leading mechanism for community 

resilience to environmental change and hence investigating species traits in the context 

of other adaptive mechanisms (e.g. natural selection) is required, in order to determine 

how ecological and biogeochemical niches may be altered by future climate change 

(Litchman et al. 2012).  
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Figure 6.1 Natural selection on functional trait (FT) expression via species sorting; a proposed hypothesis 
arising from data presented in this thesis (a) A combination of flow cytometry and fluorescent stain, 
PDMPO (ex. 355; em. 488) is used to target a diatom community (black symbols) within a natural 
picophytoplankton community. Mean PDMPO fluorescence of the diatom community as a measure of the 
degree of frustule silicification. (b) A thermal performance curve is constructed using cell abundance of 
diatom community (black line) consisting of multiple species (different colours) differing in their thermal 
characteristics e.g. thermal optima. For each temperature, a different species will be more numerically 
dominant. (c) Population statistics of the FT (e.g. frustule silicification) are reported for the diatom 
community (black line). The FT value (e.g. median PDMPO fluorescence) observed at each temperature 
is weighted by species abundance and therefore reflects the FT trait value of the most dominant species 
due to their numerical dominance. As a result, the median FT value of the community remains consistent 
across a large temperature range due to the shuffling of species that occurs at each temperature and 
therefore reflects the locally ‘optimal’ trait value.  
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6.3 The effects of thermal acclimation and adaptation on marine biogeochemical 

cycling 

To predict biogeographical shifts and displacements, previous studies have quantified 

TPCs for growth in many phytoplankton species (Boyd et al. 2013). Yet, until now, the 

accompanying implications for the biogeochemical processes they mediate were largely 

unknown, because the physiological costs, benefits and trade-offs associated with 

thermal acclimation and adaptation remain relatively unexplored. By adopting trait-

based approaches in Chapter 2 and Chapter 5, this thesis quantified TPCs for multiple 

FTs in two key phytoplankton functional types in order to provide a more 

comprehensive understanding of how thermal acclimation and adaptation affects current 

and future marine biogeochemical cycling. 

A unique TPC may be expressed by individual FTs, varying in terms of their shape and 

thermal characteristics (Baker et al. 2016). Prior to this thesis, the TPCs and derived 

thermal properties (Topt, thermal niche width, CTmin, CTmax) for many phytoplankton FTs 

had not been described and were hypothesised to scale with the growth response. Yet 

this thesis demonstrates many underlying FTs, such as net uptake of N, P and Si, 

operated at greater capacity over a broader range of temperatures than growth in model 

species from two different functional types; diatoms and dinoflagellates (Chapter 2 

and 5). These findings suggest acquisition and utilisation of nutrients continues at 

similar rates despite reduced requirement for growth and implies other processes, such 

as maintenance and repair, are consuming these resources. The implications being that 

when phytoplankton are exposed to temperatures outside their optimal window for 

growth, elements such as C, N, P and Si are still being used but not being converted into 

new biomass. Consequently, these elements are not transferred to higher trophic levels, 

and instead are more likely to be recycled in upper surface waters. As a result, this 

thesis predicts increased nutrient recycling by phytoplankton with warming (or cooling) 

outside the thermal window for growth, demonstrating that the direct effects of 

temperature can alter the fate of elements such as N, P and Si in the marine 

environment.  
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Trade-offs between underlying FTs of the phenotype can affect the ecological and/or 

biogeochemical role of phytoplankton (Baker et al. 2016). Inverse correlations (i.e., 

trade-offs) between expressions of traits resulted in distinct phenotypes along a 

temperature gradient. For example, small, thick diatoms were characteristic of cold 

temperatures, whilst large, thin cells were evident at warmer temperatures (Chapter 2). 

Whilst a mechanistic understanding behind this trade-off has yet to be elucidated, it may 

result from an allocation trade-off (Angilletta Jr et al. 2003). In this case, a fixed 

quantity of Si is available to the diatom for frustule synthesis and a hypothetical 

difference in Si allocation between valve and girdle band formation could create 

distinctly different phenotypes at either end of the temperature gradient; building thicker 

valves at cold temperatures but more girdle bands at high temperatures, resulting in the 

formation of distinctly different phenotypes (Figure 6.2).  

 

 

Figure 6.2 Hypothetical allocation tradeoff arising from findings presented in this thesis. An allocation 
tradeoff arises along a temperature gradient, between silicic acid distributed towards girdle band or valve 
synthesis. For each cell, the extreme upper and lower parts are valves, and the series of dashes on the 
sides represent girdle bands. At cold temperatures (cold colours), silicic acid is distributed towards valve 
synthesis resulting in small cells with thicker valves. At warm temperatures (warm colours), silicic acid is 
distributed towards girdle band synthesis resulting in larger cells with thinner valves.  

 

  



Chapter 6: General Discussion  

 

 182 

The phenotypic plasticity observed over temperature gradients (Chapter 2 and 5) 

creates divergent ecological and biogeochemical roles of diatoms under different 

environmental conditions, similar to what has been shown in different ocean regions 

(Baines et al. 2010). For example, at supra-optimal temperatures where diatom frustules 

are thinner, increased vulnerability to grazers and bacterial/viral attack (Raven and 

Waite 2004), and greater dissolution rates (Baines et al. 2010, Kamatani 1982) leads to 

more Si being recycled within the water column (Nelson et al. 1995). In contrast, at cold 

temperatures where diatom frustules are thicker, greater cellular density and resistance 

to grazers (Raven and Waite 2004), will likely increase the downward export of Si and 

C. Indeed cell-specific silicification has been shown to substantially influence sinking 

rates of diatoms, increasing by a factor of 2-3 times in more heavily silicified diatoms 

from colder waters in comparison to less silicified diatoms from warmer waters 

(Antarctica versus Equatorial Pacific; Baines et al. 2010). It is, therefore, apparent that 

the biogeochemical and ecological niche of the cold-diatom phenotype has the capacity 

to accelerate the biological carbon pump by enhancing downward export of C. In 

comparison, the warm diatom phenotype plays a more significant role in the trophic 

transfer of C and the generation of silicic acid for use by future generations of upper 

ocean diatoms and other silicifiers. Understanding how these niches change along 

environmental gradients can help us to predict whether these roles may be altered by 

future environmental change: are thinner diatoms likely to be favorably selected by 

future warmer and less Si-rich oceans, like the phenotypes currently found in the Coral 

Sea (Chapter 4).  

 

6.4 The emergence of new phenotypes from extant species 

Predictions of future ocean functioning must also consider evolutionary processes that 

occur over hundreds of generations. In Chapter 5, I expanded upon the only other study 

of its kind (Schluter et al. 2014) by examining the FTs of a dinoflagellate population 

maintained at high temperature (ambient + 5 °C) for >500 cell divisions. Firstly, this 

long-term study demonstrated the capacity for extant species to alter thermal 

characteristics (e.g. their thermal optimum and niche width) in order to better suit their 

new environment. Secondly, in quantifying a number of traits over an unprecedented 
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range of temperatures, I provided new insights on the physiological constraints of 

adaptation to ocean warming.  

Importantly, the costs associated with high-temperature adaptation were not detectable 

by comparing performance at control and high-temperatures alone (i.e., reciprocal 

transplant assay). Instead, it was only when each population was exposed to an extended 

range of environmental conditions (i.e., through TPCs) where variations in fitness were 

observed and associated physiological constraints could be identified. Adaptation to 

warming generated the emergence of a warm-specialist with higher maximum growth 

rates and warmer thermal optimum and specialisation for these traits resulted in: (i) 

smaller cells, (ii) increased tolerance to short-term periods of extreme heat at a cost of 

cold sensitivity, and (iii) higher maximum rates of C, N and P acquisition. It is these 

other characteristics of the warm-specialist phenotype that may result in low fitness in 

other low-nutrient or high-light environments. For example, when nutrients are in poor 

supply, growth rates facilitated by enhanced C, N, and P uptake are likely to be reduced, 

and are likely to be further constrained by their reduction in cell size, as smaller cells 

have reduced intracellular storage capacity (Marañón et al. 2013). Similarly, long-term 

(years; 500 generations) high-temperature adapted cells have increased light sensitivity 

and are better suited to low-light environments. As a result, it is possible the 

physiological mechanisms underlying specialisation to increased SST will only be 

viable in high-nutrient, low-light environments, and consequently, may alter ecological 

niche occupancies of extant species. 
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6.5 Perspectives for further research 

This thesis has provided new information on FT responses to warming, the associated 

biogeochemical consequences and observations of how these traits change across 

environmental gradients. A number of questions have arisen from these findings and 

should be addressed in future research.  

In this thesis, the thermal responses of various FTs were measured at a single time 

point, following a relatively short (weeks; 5 generations) acclimation period (Baker et 

al. 2016), or after a long (years; 500 generations) adaptation period (Chapter 5) but 

with no interim measurements. As a result, it remains unclear how these responses 

adjust (~hours), acclimate (~days-weeks) and adapt (~years) as a function of time, and 

if so, at what rate. Indeed the cardinal temperatures (Topt, CTmin and CTmax) and the 

overall shape of the TPC is likely to change with the duration of exposure (Schulte et al. 

2011), but until recently this has not been demonstrated in phytoplankton (Chapter 

5;Listmann et al. 2016, Padfield et al. 2016). In order to understand the rate at which 

phytoplankton respond to changes in temperature, future work should investigate the 

rate of thermal evolution in FTs. Priority should be given to measuring a single trait, 

namely cell size, in a few model species. The choice of this FT is two-fold. Firstly, 

many allometric relationships have been demonstrated for phytoplankton and can be 

predicted using measures of cell volume (see Finkel et al. 2009 and references within). 

Secondly, measures of cell size permit the use of high throughput techniques (e.g. 

automated microscopy imaging in conjunction with automated image analysis), 

providing the statistical power to identify detectable changes in the biological response 

over relatively small temperature increments (e.g. 2 °C). Indeed, this is important in the 

design of TPC experiments because increasing the number of species or FTs measured, 

should not be at the expense of the number of temperatures assayed- as these determine 

the accuracy in estimates of the key parameters of interest (e.g. Topt, CTmin, and CTmax). 

Despite the logistical constraint discussed above, collecting TPCs of multiple traits over 

a number of time points during acclimation should yield further insight into what FTs 

are more physiologically constrained or can adapt more readily than others, and whether 

these extant species will be able to adapt in time or be displaced by other better-suited 

species. Moreover, in Chapter 5, the capacity for adaptation in a major phytoplankton 
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type was demonstrated, and the benefits, costs and reversibility of this adaptation were 

explored. To my knowledge, few thermally-adapted taxa exist in culture collections; a 

calcifying cocolithophore (Emiliana huxleyi, Listmann et al. 2016, Schluter et al. 2014), 

two dinoflagellates (Amphidinium massartii, Chapter 5; Symbiodinium sp., M. V. 

Oppen pers. comm.), a diatom (K. Schmidt pers. comm.) and a green alga (Chlorella 

vulgaris, Padfield et al. 2016). Other previously high-temperature adapted species 

investigated in Huertas et al. (2011) have since died (A. Flores-Moya pers. comm.). 

These insights highlight two aspects that should be carefully considered in future 

research. Firstly, to improve the generality of the documented trait responses, further 

research should be conducted with other biogeochemically or ecologically significant 

taxa, such as nitrogen fixers. Secondly, these organisms are invaluable tools for 

understanding evolution and should be deposited in to (inter)national culture collections 

so that they are available as a resources for further studies.  

In Chapter 2 and 5, TPCs for a number of FTs and their sensitivities to temperature 

were presented, but the list is by no means exhaustive. It is possible that measurements 

used to characterise processes such as nutrient acquisition, i.e., the net flux of dissolved 

inorganic nutrients, are not representative of the effects of temperature on all underlying 

processes of nutrient acquisition. For example, the growth affinity of nitrate, which is a 

combination of maximum growth rate and the half saturation constant, is influenced by 

temperature (Reay et al. 1999). Yet, results from this thesis show nitrate uptake to be 

relatively unaffected by temperature, except at extremes (Chapter 5). Further research 

should be conducted to characterise the underlying physiological processes that shape 

these TPCs.  

Another important consideration for future work is that the TPCs presented in this thesis 

were characterised under constant temperature, optimal light and nutrient replete 

conditions, and as such, will not accurately represent the physiological limits to 

phenotypic plasticity in the natural environment. Other bottom-up processes such as 

light and nutrient availability have been shown to alter characteristics of TPCs such as 

the height, width and thermal optimum (Edwards et al. 2016, Sandnes et al. 2005). 

Furthermore, TPCs differ in organisms exposed to stable or fluctuating environments 

(Gilchrist 1995). Observing how TPCs are altered by interacting factors e.g. CO2 and 

temperature, will allow for better predictions of how ecological niche occupancy is 
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likely to change in the future. In conjunction, other ecological processes such as species 

sorting can occur in natural communities and may influence the TPCs collected from 

field samples (Chapter 3; Figure 6.1) To examine the influence of non-genetic and 

genetic contributions of species towards community-level TPCs of natural 

phytoplankton communities, flow cytometry coupled with sorting and sequencing could 

be used to; (i) target a subpopulation of the pico/nano-phytoplankton fraction, (ii) sort 

the targeted cells, and (iii) use molecular techniques to sequence and quantify the 

relative abundance of target cells present. Experimental designs such as these would be 

a valuable test of the hypothesised patterns and mechanisms presented in Figure 6.1.  

Field studies presented in this thesis were conducted in one season, i.e., in austral spring 

2015 (Chapter 3) and austral winter 2013 (Chapter 4), and as a result, may not be 

representative of the resident phytoplankton population in other seasons. Indeed, 

different morphotypes of diatom species are known to appear during winter compared 

to summer (Shimada et al. 2006) and as a result, the heavily silicified species in the 

Arafura-Timor Shelf may only be representative of the winter diatom community. 

Similarly, shifts in the diatom community may change interannually particularly before 

and after spring bloom events or during particular climate phenomena (e.g., El Nino). 

Hence, the TPC collected at Port Hacking, NSW in October 2015 may be representative 

of a post-bloom community (Hallegraeff 1981) with different thermal characteristics to 

a community collected at a different time. Future research should consider conducting 

similar sampling strategies but in higher resolution (e.g. seasonally, or monthly) to 

determine whether findings presented in this thesis are season-specific or can be 

temporally generalised to their respective water masses.  
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Finally, the development of UV-laser flow cytometry for use with the fluorescent tracer 

PDMPO (Chapter 2, 3 and 4) has provided a stepping-stone to advance knowledge in a 

number of areas of research. This thesis provided insight into the relationship between 

environmental gradients and the degree of silicification using relative changes in 

PDMPO fluorescence. However, in order to quantify rates of transformation of DSi into 

BSi using flow cytometry, further studies should work towards the advancements of this 

technique to be used as a proxy for quantities of Si (μmol Si cell-1), as has been done in 

conjunction with fluorescence microscopy (McNair et al. 2015). In order to progress the 

use of flow cytometry to trace biogeochemical cycling, parallel samples quantified by 

flow cytometry and fluorescence microscopy could be used to generate a calibration 

curve relating PDMPO fluorescence to moles of Si deposited. However, it is likely 

calibration curves would need to be conducted for number of species in culture before 

generalisations could be made about mixed diatom communities. Secondly, the further 

development of fluorescent tracers that label other important biogeochemical cycles 

(e.g. N) mediated by other phytoplankton functional types (e.g. N2-fixers) would enable 

multiple elemental cycles to be traced across spatially diverse gradients simultaneously, 

and provide a more holistic approach of the healthy functioning of the phytoplankton 

community as a whole. Applying these types of techniques can be used to further 

understand how the relationship between the composition of phytoplankton 

communities and the processes that they mediate are driven by changes in 

environmental conditions. This will provide invaluable insight into the health of future 

ocean ecosystem function.  
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