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Phytoplankton and microzooplankton comprise the base and the first link of 

the marine food web, respectively. These microbes are key drivers of marine carbon 

and nutrient cycles. Phytoplankton convert atmospheric CO2 into organic carbon, and 

microzooplankton consume phytoplankton, packaging phytoplankton carbon into 

particulate forms that have a variety of fates: export into the deep ocean, release as 

dissolved organic carbon (DOC), food for higher trophic levels, or remineralization 

back to CO2.  Phytoplankton community composition is strongly influenced by 

seasonal mixing and stratification events, with resource availability determining the 

dominant phytoplankton species [Behrenfeld & Boss, 2014].  Phytoplankton also alter 

their physiology in response to the environment. Their growth rates, energy storage, 

population sizes, and elemental composition shift in response to nutrient limitation 

[Follows & Dutkiewics, 2011]. These changes are hypothesized to alter the quality of 

phytoplankton as prey for microzooplankton. 



	

	

This thesis investigated the effects of phytoplankton prey species (a green 

alga, Dunaliella tertiolecta, and a diatom, Thalassiosira pseudonana) and nutrient 

limitation on the physiology of the microzooplankter, Oxyrrhis marina.  Two stage 

continuous cultures were used to study the steady state physiology of both 

phytoplankton prey and the microzooplankton grazer without the limitations of batch 

culture studies, such as population fluctuations and starvation. This two-stage system 

enabled tight control of media flow to the prey and prey flow to the grazer. Prey were 

grown to two widely varying nutrient limited growth rates (0.2 and 1.2 d-1), and each 

grazer treatment received prey (in carbon units) at approximately the same rate, 

regardless of prey species or their degree of nutrient limitation.  O. marina regulated 

ingestion rates and elemental composition regardless of prey species and nutrient 

availability, with the exception of O. marina fed very slow growing T. pseudonana.  

O. marina fed this ‘slow growing’ T. pseudonana had the lowest C:N and carbon and 

nitrogen transfer efficiencies despite consuming prey at three times the rate of the 

other treatments. Carbon transfer efficiencies (CTE) decreased in O. marina from 

25% when fed fast growing T. pseudonana to only 5% when fed the slow growing 

diatom. This low CTE was not balanced by an increase in fecal pellet or dissolved 

organic carbon production relative to the other treatments, so 95% of the ingested 

prey carbon was returned to the environment as CO2. In contrast, the CTE in O. 

marina fed fast growing D. tertiolecta was 40%, and this treatment also resulted in 

the highest amount of fecal pellet production.  Together with Nile Red staining of 

neutral lipids and confocal microscopy, these results were linked to nutrient-

dependent fatty acid accumulation in phytoplankton and metabolism of these 



	

	

phytoplankton fatty acids by O. marina.  As prey, nutrient limited diatoms severely 

shorten the marine carbon cycle because their predator respires the bulk of the prey 

carbon to CO2. These results should be incorporated into marine ecosystem models to 

better predict the influences of nutrients and prey species on food web dynamics. 
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Introduction 

The primary aim of this study is to understand the effects of nutrient limitation 

on organismal physiology between the first two levels of the marine microbial food 

web, specifically the elemental and carbon compositional storage strategies of 

microzooplankton as they react to different prey treatments.  Microzooplankton have 

long been thought to have their physiology and success dependent on the nutritional 

content of their prey [Caron & Hutchins, 2012].  In fact, the Caron & Hutchins [2012] 

study suggests that nutrient limitation effects on prey physiology may be the most 

important indirect effect of climate change on microzooplankton.  Phytoplankton 

have highly plastic physiologies to compensate for nutrient limitation, which may 

alter their quality as prey [Halsey & Jones, 2015].  The effect is considered to be 

indirect because nutrients (C, N, and P) must first filter through the phytoplankton 

before being consumed by the microzooplankton predators. The effects of nutrient 

limitation on the first trophic step of the marine food web need to be characterized to 

understand how their impacts may structure the entire marine food web [Caron & 

Hutchins, 2012].  We hypothesized that microzooplankton will maintain homeostatic 

physiology, but other parameters such as ingestion and egestion will be altered to 

compensate for prey quality. 

Predator-prey dynamics have been studied in the past using batch cultures and 

semi-continuous cultures, but not commonly with the advantages of a two-stage 

continuous culture using phytoplankton and microzooplankton. Two-stage continuous 

cultures allow for both prey and predator to achieve constant population sizes without 

the effects of Lotka-Volterra fluctuations, allowing for time-independent sampling.  
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This system (described below) was employed to make direct measurements of 

microzooplankton cell properties in response to different prey species and nutritional 

quality.  

Because various phytoplankton species can have inherently different 

nutritional value for their predators, another aim was to understand the costs and 

benefits of different prey species to microzooplankton grazers. Phytoplankton species 

vary in their carbon composition, ease of capture, and C:N:P content. Phytoplankton 

community composition and abundance influences microzooplankton feeding 

preferences in the environment. This change in prey community composition and 

abundance occurs because the environment selects for different phytoplankton types 

that have different strategies for acclimating to nutrient availability. Predator 

preferences for different prey can affect nutrient flow through the food web. Such 

ecosystem shifts can occur because predators may change their preferred prey as prey 

elemental and carbon composition changes depending on nutrient availability. 

Changes in phytoplankton community structure and the resulting effects on 

microzooplankton grazers may alter the biological carbon pump. The biological 

carbon pump describes the movement of carbon through the marine environment. 

Carbon fixed through photosynthesis at the base of the food web is transformed by 

complex biotic (i.e., food web transfers and respiration) and abiotic (i.e., mixing and 

sequestration into the deep ocean) interactions.  Microzooplankton play a major role 

in the marine carbon pump by consuming phytoplankton and regulating the flux of 

carbon to dissolved and particulate organic matter or to CO2 via respiration. Altering 

phytoplankton community composition can lead to changes in the overall activity of 
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the biological carbon pump by influencing rates of carbon sequestration via fecal 

pellet fluxes [Buck & Newton, 2995], particulate matter consumption, and 

remineralization of dissolved organic matter to CO2 via respiration.   

Using the two-stage continuous culture set up, we measured the effects of 

phytoplankton acclimated to different nutrient availabilities on microzooplankton 

physiology.   

 

Two-Stage Continuous Cultures 

Predator-prey experiments conducted in batch cultures do not allow for steady 

growth rates of either organism. Instead, in batch culture there is a predictable 

oscillation between the two organisms [Curds & Cockburn, 1971], commonly 

modeled by Lotka-Volterra equations.  In contrast, two stage continuous cultures 

have the advantage of time independent measurement of population behaviors 

because both the predator and prey cells are maintained at constant growth rates 

[Bull, 2010].  Steady state growth rates are achieved using continuous culturing by 

allowing the organisms to acclimate and maintain constant physiology to the 

environmental conditions set upon them by the researcher [Halsey & Jones, 2015].  In 

a two stage continuous culture (Fig 1), the first stage contains the prey organism 

growing in steady state, and the second stage contains the predator that is fed the prey 

from the first stage at a continuous rate [Curds & Cockburn, 1971].  The previous 

history of a cell affects its present behaviors, but a two-stage system removes this 

‘past’ by putting them in a steady state [Droop, 1974].  This system allows for 
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accurate measurements of grazer physiological properties because it better reflects the 

natural environment than a batch culture [Bloem et al, 1988]. Another difference 

between the two-stage set up and the natural environment, however, is that in the two 

stage system, growth rate is a controllable independent variable, while in nature, 

limiting nutrients can fluctuate in availability and change phytoplankton growth rates 

and physiology [Goldman & Peavey, 1979].  Under nutrient limitation, cultures are 

forced to acclimate to the environment, but forced idleness (constant availability of 

nutrients) of a culture can induce slow adaptation of the cells, potentially changing 

their genetics [Droop, 1974]. Nevertheless, continuous cultures are extremely useful 

for studying a host of environmental conditions involving multiple species [Bull, 

2010].   

 

 

 

 

 

 

 

 

 



5	
	

	

 

 

 

 

 

 

 

 

 

 

 

 

	

	

	

	

	

	

 

Figure 1.  A diagram of a two stage continuous culture. 1.  Gast air pump (Michigan, USA) used for 
continuous introduction of air into culture chambers. 2. F/2 media source that is constantly pumped in to the 
prey culture. 3. Gilson minipulse3 peristaltic pump (Villiers le Bell, France) used to control flow from media 
into the prey chamber and the prey into the predator chamber at a constant rate.  Different rates can be 
achieved by using tubing with different diameters.  4. Prey culture kept in constant light saturating conditions. 
5. Predator culture kept in constant dark to prevent phytoplankton overgrowth. 6. Waste/outflow collection.  7. 
0.2µm sterile syringe filter for preventing airborne contamination into the media or culture chambers. 8. 
Sampling port from the predator culture.  This port is used in the prey culture to pump the prey into the 
predator culture. 9.  Outflow tubing that keeps the cultures at a constant volume and also allows for large 
volume collection over time. 
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Literature Review 

Effects of nutrient availability on marine food web dynamics 

The surface water of the oceans is often thought of as a ‘homogenous soup’ 

where all nutrients and organisms mix and intermingle evenly. Contrary to this belief, 

organisms have adapted to different regions in the oceans due to varying nutrient 

availabilities, and the environment ‘selects’ for organisms with the highest success 

rates [Follows & Dutkiewics, 2011]. Nutrient availability is a key factor controlling 

the biogeochemistry of ocean regions because it has important impacts on food web 

dynamics, starting with phytoplankton.  

Nitrogen limited regions are common in the world’s oceans and strongly 

influence phytoplankton physiology and community composition. Nutrient 

availability is determined seasonally as a consequence of water column stratification 

and driven by changes in temperature (Fig 2) [Behrenfeld & Boss, 2014].  In the 

summer, the water column is stratified and the nutrients are removed from the 

shallow mixed layer via plankton uptake and utilization and sinking of dead cells and 

fecal pellets below the mixing depth [Behrenfeld & Boss, 2014]. From fall until 

spring, however, temperature fluctuates, and combined with major storm events, 

cause surface water to mix to much deeper depths. Nutrients previously lost to the 

deep ocean during the summer are transported vertically during the winter months, 

replenishing the nutrient-depleted surface.  The density gradient is another main 

contributor to stratification of the physical oceans, and strongly affects phytoplankton 

abundances [Martinez et al, 2009].   Phytoplankton respond to this increased nutrient 
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availability by increasing their growth rates [Laws & Bannister, 1980].  In addition, 

the microbial community structure changes to favor the organisms best adapted to the 

light and nutrient concentrations at a particular time of year. Adaptive properties and 

growth strategies, including cell size and resource allocation strategies, determine cell 

physiology [Follows & Dutkiewics, 2011].  The remarkable diversity of 

phytoplankton physiology is coupled tightly with nutrient availability and the ecology 

of the environment [Follows & Dutkiewics, 2011, Worden et al, 2015]. 

 

 

The marine biogeochemical cycles of bioactive elements are heavily 

influenced by the bacteria, phytoplankton, and microzooplankton at the base of the 

food web [Calbet, 2008] and can contribute to deviations from the Redfield ratio (106 

C:16 N:1 P), an important measure of the average elemental composition of 

phytoplankton [Arrigo, 2005, Klausmeier et al, 2004]. However, elemental 

stoichiometry of phytoplankton varies dramatically depending on nutrient status and 

Figure 2.  An example of seasonal mixing in marine environments. From Behrenfeld & Boss, 
2014. The black line illustrates how the depth of mixing changes depending on season.  
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can have a profound effect on the C:N:P in the ocean. C:N:P is an important 

ecosystem property for understanding nutrient biogeochemical cycling and flow 

through the trophic levels [Mills & Arrigo, 2010].    

Climate change will alter ocean mixing and stratification events and affect 

regional nutrient availability and composition [Flombaum et al. 2013, Irwin and 

Oliver 2009, McClain et al. 2004, Polovina et al. 2008]. El Niño events are expected 

to establish more defined regional boundaries of nutrients and community 

composition [Caron & Hutchins, 2012].  Nutrient availability due to global climate 

change is predicted to favor organisms with a wider range of adaptive growth 

strategies, potentially shifting current phytoplankton community compositions. Such 

shifts can have negative impacts on phytoplankton predators, namely the 

microzooplankton, which in turn may impact the abundance, diversity, and activity of 

higher trophic levels [Caron & Hutchins, 2012].   

Phytoplankton bloom when the cold, nutrient rich waters are upwelled to the 

surface, light becomes increasingly available (in the spring), and microzooplankton 

are decoupled from their prey [Behrenfeld 2010, Martinez et al, 2009].  One example 

of how climate change impacts phytoplankton is that as surface water temperatures 

rise, the depth of mixing becomes shallower. The strength of this stratification can 

limit upwelling of nutrients and cause regions to become permanently nutrient limited 

[Caron & Hutchins, 2012]. These permanently stratified environments will favor 

smaller phytoplankton species and microherbivores with higher nutrient recycling 

efficiencies. As a consequence, the frequency and magnitude of phytoplankton 

blooms is expected to decrease [Behrenfeld & Boss, 2014].  One theory of the 
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underlying cause of phytoplankton blooms is an imbalance between phytoplankton 

division rates and phytoplankton loss rates from grazing (Fig 2) [Behrenfeld & Boss, 

2014].  In addition, the dominant species composition of a bloom is not generally an 

accurate representation of the community composition of phytoplankton before the 

bloom [Behrenfeld & Boss, 2014].  At the peak of a phytoplankton bloom, many 

species are present at lower abundances than the dominant species, but these less 

abundant species may be important prey organisms for higher trophic levels.   

The deep ocean is another marine ecosystem region affected by phytoplankton 

physiology and community composition. Export of organic material from the 

euphotic zone is vital to the food web living in the deep ocean.  Aggregates of dead 

and dying cells as well as fecal pellets formed in the upper ocean provide carbon and 

nutrients to the dark ocean where photosynthesis is impossible.  The quantity and 

nutritional quality of fecal pellets sinking to the deep ocean affects microbial species 

adaptations in the dark ocean.  As with the surface ocean, phytoplankton elemental 

stoichiometry influences the same ratios in the deep sea [Daines et al, 2014]. 

Therefore, if the nutrients in the surface mixed layer are limiting, the sinking cells and 

detritus will impact the elemental and energetic balance of the deep sea food web as 

well. 

 

Importance of phytoplankton in the marine environment 

Phytoplankton are responsible for roughly half of the world’s gross primary 

production [Field et al, 1998], they are a vital part of global CO2 sequestration, and 
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comprise the base of the marine food web.  They also initiate the biological carbon 

pump [Falkowski et al, 1998, Field et al, 1998], and they are well adapted to 

acclimating to changing nutrient levels [Halsey et al, 2014]. Sustained phytoplankton 

biomass can enhance the success of their predators, which are, in turn, themselves 

prey to higher trophic levels. 

 

Elemental stoichiometry in phytoplankton (elemental quality) 

An organism’s physiology is dependent upon its elemental uptake, 

incorporation, and release [Frost et al, 2005].  Elemental composition of the 

environment is rarely perfectly balanced to fit the various needs of all individuals 

within a biological community. Since the Redfield ratio is the average elemental 

composition of phytoplankton across marine environments, organisms often 

compensate for deviations from the Redfield ratio [Frost et al, 2005].  Furthermore, 

phytoplankton can alter their C:N:P ratios to acclimate to different nutrient regimes, 

thereby also changing their elemental compositional quality as prey for higher trophic 

levels. Organismal C:N:P changes because phytoplankton internal structures (such as 

pigments, ribosomes, and nucleic acids) have different elemental requirements, and 

the cellular content of those structures changes depending on the environment 

[Klausmeier et al, 2004].   

During phosphorous limitation, the diatom, T. pseudonana will break down 

phospholipids to salvage phosphorous for other cell demands, such as nucleic acids 

and energetic currencies (Adenosine Triphosphate (ATP) and Nicotinamide Adenine 
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Dinucleotide Phosphate (NADPH)). Thus, phospholipids can function as a storage 

reservoir during P replete conditions [Daines et al, 2014] and can buffer against 

growth limitation during periods of low P availability [Chen et al, 2010].  

Phytoplankton can also preferentially select alternate sources of nitrogen to take 

advantage of the changing nitrogen availabilities in the environment [Goldman & 

Peavy, 1979].  These examples of physiological flexibility may facilitate evolution 

while providing a shield from natural selection [Collins et al, 2013].  

Cell size can affect an organism’s fitness and the overall community structure 

[Smith & Kalff, 1982]. Smaller cells have an advantage over larger cells in 

competition for nutrients because of their more efficient uptake rates [Smith & Kalff, 

1982].  Community composition inherently influences marine elemental 

stoichiometry [Daines et al, 2008], with faster growing, smaller organisms tending to 

have lower N:P ratios than larger and slower growing organisms, giving the smaller 

phytoplankton a higher nutritional content for their predators, due to the higher 

relative P content, [Frost et al, 2005].  Phosphorous uptake rates change with nitrogen 

availability because of the changing N:P.  N-limited cells have an enhanced ability to 

take up P compared to N-replete cells, possibly reflecting a competitive adaptive 

strategy [Fu et al, 2005a].   Different N and P requirements between algal species also 

affect the balance of nutrients remaining in the ecosystem [Fu et al, 2005b]. In some 

ocean regions, such as the Sargasso Sea in the summer, P becomes more limiting than 

N, increasing N:P and further increasing the carbon content of the organisms in 

relation to both nitrogen and phosphorous [Fu et al, 2005b].  Furthermore, during 

nitrogen limitation, many algae will significantly alter their cellular storage strategies.  
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When nitrogen limited, D. tertiolecta will become less selective towards nitrogen 

sources [Goldman & Peavey, 1979] and decrease lipid and carbohydrate contents 

[Wagner et al, 2014].  In contrast, under more nitrogen replete conditions, green algae 

will allocate more photosynthetic energy towards storage compounds, with most 

phospholipids and carbohydrates increasing significantly [Halsey et al, 2011].  Under 

high nitrogen or phosphorus availability, phytoplankton optimize the composition and 

complement of internal structures to maximize their growth rate [Klausmeier et al, 

2004].   

The changing internal stores during different phases of phytoplankton growth 

can cause cell elemental stoichiometry to deviate from the Redfield ratio [Arrigo, 

2005].  Exponentially growing cells reduce N:P to increase growth and division 

machinery, priming these organisms to initiate a bloom [Arrigo, 2005].  Slower 

growing cells utilize the reverse strategy; they increase their N:P to focus on resource 

acquisition (nutrient transport) [Arrigo, 2005].  This behavior can also vary 

depending on species [Arrigo, 2005].  The Redfield N:P of 16 is thus an average of 

the different growth requirements of varying phytoplankton species [Arrigo, 2005].  

He also suggested that polar climate change will cause N:P to decrease globally as a 

result of an increasing dominance of diatoms due to their remarkably efficient 

nutrient uptake rates compared to other phytoplankton types [Arrigo, 2005]. 

Elemental stoichiometry can be affected by a cell’s ability to store nutrients on 

the outside of the cell wall instead of in internal structures; for example, diatoms can 

sequester P on their silica frustules [Fu et al, 2005b].  However, P is not commonly 

measured, either in laboratory or field experiments, and is often underestimated as a 
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result [Fu et al, 2005a].  The type of P available is another factor that affects 

phytoplankton and microzooplankton success.  Many coastal phytoplankton can use 

inorganic phosphate, but oligotrophic organisms are typically limited to dissolved 

organic phosphate (DOP) because it is the most abundant form of P available in these 

regions [Fu et al, 2005a].  

The sophistication of phytoplankton strategies to varying nutrient 

availabilities is manifested in their ability to drastically alter their internal elemental 

compositions.  This physiological plasticity is not limited to C:N:P as the biochemical 

composition of the cell can also vary depending on environmental conditions.  

 

Carbon allocation strategies in phytoplankton 

The net productivity of the ecosystem is the balance of C assimilation in 

primary producers (phytoplankton) and losses of C through autotrophic and 

heterotrophic respiration [De Deyn et al, 2008].  Following carbon fixation, 

phytoplankton can either rapidly catabolize carbon for energetic needs (ATP and 

NADPH) or allocate it to different major macromolecular pools (i.e., protein, lipids, 

or carbohydrates) that are part of cell biomass. The relative allocation of carbon to 

these different pools depends on the limiting nutrient and growth rate and may also be 

species specific [Giordano et al, 2014].  

Physiological stress, such as nutrient depletion, triggers lipid accumulation 

[Obata et al, 2013] and can also impact the types of lipids that accumulate [Giordano 

et al, 2014].  Lipid accumulation and the synthesis of starch (ß-1,3 glucan 
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chrysolaminarin in diatoms) are used as energy storage strategies and can also 

increase the buoyancy of the cell, which allows it to stay in the photic zone instead of 

sinking out of the mixed layer [Wilhelm et al, 2006].  Nutrient depleted diatoms 

convert phospholipids into the large lipid structures eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) [Cook & Hildebrand, 2016].  Diatoms can survive 

using these carbon stores during long dark periods, but these compounds are not 

observed to accumulate in green algal cells [Wilhelm et al, 2006].  

Bi et al [2014] showed how elemental stoichiometry and biochemical 

composition interact in marine phytoplankton and their possible effects on oceanic 

ecosystems.  Fatty acid composition in phytoplankton is dependent on both the 

genetic makeup of the species and cell physiology, and it is a property that is well 

documented in different phytoplankton classes, but not well resolved at the species 

level [Bi et al, 2014].  In addition, fatty acid composition is not well resolved with 

respect to different environmental factors even at the class level of the phylogenetic 

tree [Bi et al, 2014]. A major goal in phytoplankton ecology is to use information 

about the biochemistry of cells to infer the phytoplankton’s growth rates and growth 

conditions.  Saturated and monounsaturated fatty acid contents are highest in slower 

growing green algal cells, reflecting a strategy to conserve energy in low nutrient 

environments [Bi et al, 2014]. In contrast, diatom species increase polyunsaturated 

fatty acids in response to increasing nitrogen limitation [Bi et al, 2014].  Thus, fatty 

acid profiles are affected not only by nutrient availability, but also by species-specific 

adaptations.  Another study found that lipid accumulation is growth rate dependent in 

green algae but not in diatoms [Giordano et al, 2014].  Nitrogen limitation causes 
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some species to decrease carbon fixation rates to match nitrogen assimilation rates 

instead of continuing to accumulate carbon into macromolecular structures [Giordano 

et al, 2014].  

 

Links between phytoplankton and microzooplankton 

An early description of microzooplankton describes them as  

“animalcules free-swimming, persistent in form, ovate or 
conical obliquely and unevenly emarginate or excavate anteriorly; 
flagella two in number, inserted close to each other within the frontal 
emargination, one of them entirely vibratile, the other coiled spirally 
and used as an organ of attachment during a state of quiescence, 
lashed to and fro and driving the animalcule backwards through the 
water during natation; oral aperture situated in the frontal 
emargination close to the insertion of the flagellum; endoplasm 
transparent. Inhabiting sea water” [Kent et al, 1880].   

 

Microzooplankton are vital to structuring and driving aquatic microbial food webs 

[Roberts et al, 2011].  They can illicit higher grazing pressure than mesozooplankton 

[Gifford, 1985], and each microzooplankton species has its own strategy of hunting 

and ingesting prey [Christaki et al, 2005].   

At the microbial level, more attention has been given to phytoplankton than 

microzooplankton because the former are the base of the entire marine food web 

[Caron & Hutchins, 2012]; however, microzooplankton provide key linkages in 

carbon cycling and energy flow throughout the marine planktonic community [Guo et 
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al, 2013].  They are also the most diverse group of microbial grazers in the ocean 

[Buck & Newton, 1995].   

 

Phytoplankton community composition effects on microzooplankton 

Marine food webs are often separated between microbial and classical food 

webs when shown conceptually.  However, the energy derived from primary 

production is often transferred to the large organismal scale via microzooplankton, an 

important and underappreciated link [Gifford, 1985].  Microzooplankton are a group 

of heterotrophs that range from 20-200 microns and include dinoflagellates, ciliates, 

and protists [Calbet, 2008].  Microzooplankton can also include the larval and 

naupliar stages of larger organisms including copepods and other crustaceans [Calbet, 

2008].  Mesozooplankton (200-2000 microns) also have important roles in bloom 

formation [Behrenfeld & Boss, 2014].  In the mixed layer they feed on both 

phytoplankton and microzooplankton [Behrenfeld & Boss, 2014].  In late spring, 

mesozooplankton preferentially feed on the abundant microzooplankton, reducing the 

grazing pressure on phytoplankton and allowing opportunistic phytoplankton species 

to bloom in response [Behrenfeld & Boss, 2014].  Thus, a complex interplay exists 

between phytoplankton, microzooplankton, and mesozooplankton that influences 

population dynamics at broader scales. 

Microzooplankton are also prey for other animals including metazoans, fish 

larvae, rotifers, and even other microzooplankton [Guo et al, 2013].  Via these 

channels, primary production from the base of the food web is funneled to higher 
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trophic levels [Sherr & Sherr, 2002].  The fecal matter or dissolved organic matter 

(DOM) released by microzooplankton are recycled back into the microbial food web 

by bacteria and other chemolithotrophs. Furthermore, microzooplankton, themselves 

are prey and their nutritional content is moved through trophic levels, fueling the food 

web [Sherr & Sherr, 2002, Saba et al, 2011]. Thus, by consuming their prey, 

microzooplankton stimulate the growth of both lower and higher trophic levels 

[Bloem et al, 1988].   

Microzooplankton represent the largest source of phytoplankton mortality 

[Harvey & Menden-Deuer, 2012], despite the commonly held idea that 

mesozooplankton are the more significant grazers [Sherr & Sherr, 2002].  

Microzooplankton are the main predators of phytoplankton in oligotrophic tropical 

and subtropical oceans as well as in the most productive oceanic regions, and can 

consume about 50% of the phytoplankton biomass per day [Calbet, 2008, Guo et al, 

2013]. Because of this, microzooplankton are vital to the control of primary 

production and bloom formation in marine environments. In fact, they can control and 

decimate a bloom in as little as one week [Tillman, 2004, Behrenfeld & Boss, 2014].  

In the Antarctic, microzooplankton ultimately control the summer bloom and its 

demise [Garzio et al, 2013].  By keeping up with or exceeding the growth rate of their 

prey, microzooplankton can even exert control over blooms that occur during mixing 

events, when nutrients are at their peak [Sherr & Sherr, 2002].   

Trophic cascades have been described as a “propagation of indirect mutualism 

between non-adjacent levels of a food chain” [Persson, 1999].  Phytoplankton blooms 

attract all members of a marine food web, and disruptions to annual bloom cycles can 
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have significant impacts on higher trophic levels [Behrenfeld & Boss, 2014].  

Adaptive foraging techniques by predators and nutrient recycling in the food web are 

important factors affecting the dynamics of nutrient transfers between the trophic 

levels.  If nutrients are sufficient, then productivity and biomass of organisms gaining 

positively from the food web will be maximal [Oksanen et al, 1981].  Changes at the 

nutrient level propagate through the food web and can have significant impacts on the 

global marine environment beginning at the microbial scale.  Around 70% of primary 

production is consumed by microzooplankton in the ocean [Calbet & Landry, 2004], 

thus strongly impacting rates of global net community production and 

biogeochemical cycling [Harvey & Menden-Deuer, 2012].    

The food web structure of the oceans is highly complex and has multiple 

affecting factors, such as carbon export that can be magnified as nutrients reach 

higher trophic levels [Laurenceau-Cornec, 2015].  The impacts of climate change are 

expected to reach all trophic levels of the food webs [Caron & Hutchins, 2012].  

Higher CO2 levels and decreased pH in the oceans, for example, will negatively affect 

calcareous organisms, such as clams that filter feed on microzooplankton [Caron & 

Hutchins, 2012].  As earlier discussed, climate effects will alter phytoplankton 

community composition, and thereby change life history events, such as the 

development time of larger organisms including larval stages of crabs and copepods 

that feed upon the phytoplankton, which are already affected by the aforementioned 

ocean acidification process [Caron & Hutchins, 2012].  Predator-prey dynamics at the 

microbial level need to be studied carefully to understand how climate will impact the 

marine food web at large [Guillou et al, 2001].     
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In oligotrophic oceans, the high division rates of phytoplankton would result 

in huge phytoplankton cell densities if not for the microherbivores that keep 

phytoplankton standing stocks relatively constant, maintaining a balanced food web 

[Behrenfeld & Boss, 2014].  Bloom events are due, in part, to decoupling of the 

encounter rates of some phytoplankton species from their predators (Fig 1) 

[Behrenfeld & Boss, 2014].  For example, smaller phytoplankton tend to be fairly 

omnipresent in the water column, so their predators are not typically decoupled from 

them [Behrenfeld & Boss, 2014].  On the other hand, large phytoplankton can sink 

out of the system and become sufficiently rare in the euphotic zone (due to light 

limitations on growth) to be decoupled from their predators, thus allowing the rarer 

phytoplankton to grow at a faster rate than their grazers, resulting in a bloom 

[Behrenfeld & Boss, 2014].   

Microzooplankton are known to have selective grazing behaviors based on 

their prey’s growth rate, size, and biochemical composition [Garzio et al, 2013, Guo 

et al, 2013].  This selective behavior has a significant impact on which species can 

dominate phytoplankton blooms [Behrenfeld & Boss, 2014].  Green algal protists 

such as D. tertiolecta, are preferred microzooplankton prey, and the presence of green 

algae is shown to increase the activity of the microzooplankton predators [Guo et al, 

2013].  Microzooplankton can discriminate between live and dead prey, and species 

that contain mannose binding lectin in their cell membrane from those that do not 

[Guo et al, 2013].  Chemotaxis, the ability to move in response to a chemical 

presence, is used by predators to select more preferable physiological states of their 

prey, that is those with low C:N ratios or high fatty acid content.  This is done by the 
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binding of an infochemical from the prey cell to a specific cell surface receptor on the 

microzooplankton [Yang et al, 2010]. Across the entire marine food web, predators 

are roughly one order of magnitude larger than their prey in size with a 10% transfer 

efficiency [Giollou et al, 2001]. However, the ratio for the microbial food web is 

closer to 1:3 (predator: prey) [Guillou et al, 2001].  This may be in part because of the 

ability of athecate dinoflagellates are capable of consuming prey up to five-times their 

size and larger organisms preferentially feeding on prey similarly sized to themselves 

in microbial environments [Tillman, 2004]. 

Non-palatable phytoplankton have increased in abundance relative to other 

species [Caron & Hutchins, 2012]. Palatability is conferred by different properties 

including size, type (e. g. diatom versus green algae), swimming behaviors, and 

toxicity. As a result of decreasing concentrations of palatable prey, microzooplankton 

populations have decreased globally [Caron & Hutchins, 2012].  Diatom prey are an 

example of a less palatable option; their beta-chitin filaments make them harder to 

digest, even if they are nutrient replete [Gifford, 1985].  The nanoflagellate 

Picophagus flagellates preferentially consumed Synechococcus over Prochlorococcus 

cyanobacteria even though the carbon transfer efficiency was significantly lower from 

Synechococcus [Guillou et al, 2001].  Furthermore, the clearance rates were twice as 

high for Synechococcus when both prey types were provided to the predator [Guillou 

et al, 2001]. The effects of changes in phytoplankton taxa on microzooplankton 

predation preferences are not yet well understood [Caron & Hutchins, 2012].   

Predator-prey interactions have some very predictable patterns with respect to 

biomass of both parties [Hatton et al, 2015].  Food web dynamics follow general 
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patterns on a large scale, and these patterns are so consistent that they span across 

predator-prey dynamics of ecosystems globally [Hatton et al, 2015]. Predator and 

prey biomass follow a consistent scale that has an exponent of ¾, meaning that the 

base of the ‘food pyramid’ where the prey are is three times as heavy as the tip, where 

the apex predators are, with increases in biomass of the system overall [Hatton et al, 

2015].  This is not only true for microzooplankton and phytoplankton, but a wide 

range of organisms including hyenas, lions, and wolves [Hatton et al, 2015]. 

 

Effects of phytoplankton elemental stoichiometry on microzooplankton 

The C:N:P stoichiometry of phytoplankton can change the magnitude of 

nutrient remineralization by their microzooplankton predators in addition to the 

efficiency of remineralization [Caron & Hutchins, 2012].  The effects of 

phytoplankton C:N:P stoichiometry on their predators and their excretions are 

important because an imbalance can cause a negative feedback on phytoplankton 

[Saba el al, 2011], which may cascade through the food web [Frost et al, 2005].  Low 

nitrogen availability results in high C:N ratios in phytoplankton and reduces the prey 

value of the organism [De Deyn et al, 2008].  With high C:N prey, microzooplankton 

must have strategies to efficiently glean prey nitrogen and/or release prey carbon in 

excess (via oxidation to CO2 or excretion as DOC or particulate organic matter), to 

maintain internal stoichiometric balance [Sterner & Elser, 2002].   

A significant imbalance in energy and elements within a system can limit the 

growth rate of phytoplankton and subsequently impact higher trophic level 
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populations and ecosystem dynamics [Frost et al, 2005, Sterner & Elser, 2002].  

Phytoplankton physiology largely determines ocean biogeochemistry and the 

efficiency of C:N:P and energy transfer to higher trophic levels [Sackett et al, 2015].  

If the elemental stoichiometry of the prey is within the predator’s requirements, any 

nutrient in excess will be excreted, which results in nutrient recycling [Bull, 2010].  

However, if the elemental ratio of the prey is insufficient for the predator’s nutrient 

requirements, that organism will be displaced in the food web by one that is better 

adapted to the environment [Bull, 2010].   

Microzooplankton prefer larger, motile, and growing prey over smaller, non-

motile, and nutrient starved prey, although they can apparently glean scarce nutrients 

from starving prey by increasing their digestion time [González et al, 1993].  Motile 

cells have the ability to target nutrients in the environment and capitalize on them, 

unlike non-motile prey options, making them a more desirable prey choice [González 

et al, 1993].  These experiments were done using bacteria as the prey; however, there 

are similarities in experiments using phytoplankton as prey in the literature cited here. 

 

The fates of prey carbon in microzooplankton 

Grazers have been hypothesized to be affected by their prey cell’s carbon and 

energy allocation dynamics, and as previously discussed; changing nutrient 

availabilities may exacerbate changes to grazer physiology [Halsey & Jones, 2015, 

Behrenfeld, 2010].   Heterotrophic dinoflagellates are rich in fatty acids and sterols 

making them high quality food for their predators [Sherr & Sherr 2002].  Nutrient 
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limitation changes these dynamics and propagates in both directions through trophic 

levels; affecting secondary production via consumption, and phytoplankton growth 

via nutrient remineralization [Steinberg et al, 2013, Van Donk et al, 1997].  Fatty 

acids in phytoplankton are important to predators that may not have the metabolic 

capacity to produce certain types or that cannot produce them in large enough 

quantities to sustain growth [Bi et al, 2014].  EPA and DHA, two important storage 

lipids, are linked to toxicity in algal blooms [Bergé & Barnathan, 2005], correlating 

them with stressed environments (high toxicity, low nutrients etc.), so it is possible 

that O. marina stores these compounds if they can for poor environmental conditions 

(either nutrient limited or due to other stressors, e.g. presence of grazers).  

Nutrient recycling by predators also feeds back into the food web [Persson, 

1999].  Due to their high density and relatively quick sinking speeds, fecal pellets 

produced by many phytoplankton grazers are collectively a large contributor to the 

carbon pool in the deep ocean [Laurenceau-Cornec et al, 2015].  This carbon export is 

most significant at the end of a growing cycle when microzooplankton have grazed 

the phytoplankton bloom to a minimum population [Laurenceau-Cornec et al, 1999].  

The community composition of the bloom also affects the quality of the fecal pellets 

being exported to the deep which may influence the microbial production in the deep 

ocean [Laurenceau-Cornec et al, 2015].  The macromolecular composition and 

nutrient ratios of fecal pellets varies depending on the grazer [Laurenceau-Cornec et 

al, 2015].  For example, dinoflagellate fecal pellets made up of empty diatom 

frustules were similar in volume to copepod fecal pellets, but they differed in shape 

and contents [Buck & Newton, 1995]. Microzooplankton fecal pellets have been 
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discovered to be a significant contributor to export flux in temperate coastal regions 

where it was previously thought that macrozooplankton were dominant [Buck & 

Newton, 1995].  This helped to resolve the abundance of the fecal pellets, but still 

unknown are the rates and mechanisms of fecal pellet utilization by deeper food webs 

[Buck & Newton, 1995]. 

Phytoplankton and microzooplankton dynamics are important because they 

impact many key processes on marine environments including trophic transfer of 

nutrients and nutrient cycling.  A thorough ecosystem model needs to address the 

impacts of phytoplankton adaptations to nutrient limitation with respect to both 

community composition and cell specific nutrient acquisition and repackaging by 

their microzooplankton predators [Sherr & Sherr, 2002]. 
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Methods 

We sought to understand how different prey species and prey nutritional status 

influenced the growth and fitness of the microzooplankter, O. marina. To accomplish 

this, we established two-stage continuous cultures to mimic seasonal nutrient 

conditions in a pelagic environment (Fig 1). Cell characteristics and physiological 

properties of both the prey and O. marina were measured to evaluate how the 

composition of diet influenced O. marina physiology.   

 

Organisms used in the study 

The predator organism used in this study, Oxyrrhis marina, is an athecate, 

obligate phagotrophic dinoflagellate common to brackish supra-littoral waters 

[Droop, 1953].   As a widespread heterotroph, it has become a model organism for 

studying a wide variety of parameters, including in the ecological and evolutionary 

fields, which have shown their importance as links to higher trophic levels in the 

marine food web [Guo et al, 2013].  It can feed via phagotrophy, saprotrophy, and in 

extremely prey limited waters, cannibalism [Guo et al, 2013].  O. marina can feed on 

a wide variety of food sources including phytoplankton, metazoans, ciliates, fish 

blood, and bacteria [Guo et al, 2013].  In saprobic environments, O. marina can 

survive on dissolved organic matter [Roberts et al, 2011]. 
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Stock cultures 

Dunaliella tertiolecta (CCMP1320) and Thalassiosira pseudonana 

(CCMP1335) were obtained from the National Center for Marine Algae and 

Microbiota (NCMA) and maintained in f/2 media (Guillard & Ryther, 1962).  

Cultures were maintained in constant light at ~200-250 µmol photons m-2 s-1 at 18°C.   

The microzooplankter, Oxyrrhis marina (CCMP1788), was obtained from 

NCMA and maintained in stock cultures inoculated with D. tertiolecta or T. 

pseudonana at a ratio of 1 predator to 500 prey in f/50 media.  Cultures were kept in 

the dark at 18°C.   

 

Two-stage continuous cultures 

Continuous cultures of D. tertiolecta and T. pseudonana (0.3 l) were 

maintained in f/2 media with 1.1 mM nitrate as the limiting nutrient. These 

phytoplankton cultures maintained in the first stage of the two-stage system are the 

prey, and were fed to O. marina cultures in the second stage of the two-stage 

continuous culturing system (Fig 1). Slow growing nutrient limited prey were 

maintained at a specific growth rate of 0.2 d-1, and fast growing nutrient limited prey 

were maintained at 1.2 d-1 as defined by the equation 

 

𝜇 = 𝐹/𝑉𝑜𝑙  
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where µ is specific growth rate (d-1), F is the flow rate (ml d-1) of media into and out 

of the culture vessel, and V is culture volume (ml).  Filtered air was constantly 

pumped into the culture vessel to maintain sufficient CO2 availability and to keep 

cells evenly suspended.  

After the prey reached steady state growth (population changes were <5% 

over 3 to 7 days), O. marina were inoculated into the second stage (0.3 l) in f/50 

media at a concentration of 103 cells per ml. Prey from stage one were pumped 

directly into the predator culture (stage two) at a constant rate of 60 ml d-1 (Fig 1). O. 

marina cultures were wrapped in foil to minimize light and prevent re-growth of prey 

organisms.  Experimental measurements (see below) were initiated when stage two 

cultures reached steady state as defined above.  Measurements of predator and prey 

physiology were made on different days over a three-week period to avoid sampling 

>10% of culture volume and maintain cultures in steady state throughout the 

sampling period.  Each measurement was made three times over the three-week 

period, and triplicate independent two-stage continuous cultures were established for 

fast and slow growing prey of each species being fed to O. marina.  Thus, in total, 12 

two-stage continuous cultures were established and sampled for this study (two prey 

types x two nutrient limited growth rates x three replicates).  

Basic cell characteristics of the prey showed that our D. tertiolecta and T. 

pseudonana cultures followed behaviors previously reported for these species 

growing under steady state nutrient limited conditions (Table 1). For example, the cell 

volume of D. tertiolecta increased with decreasing growth rate (Halsey et al. 2013), 

but cell volume of T. pseudonana remained relatively constant with growth rate 
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(Table 1, Fisher and Halsey, 2016). Nevertheless, C:Chl in both species strongly 

increased with decreasing nutrient availability (Table 1, Halsey et al. 2010, Laws and 

Bannister 1980, Eppley & Renger 1974). Similar rates of total prey carbon were 

provided into stage 2 (containing O. marina) across all treatments (Table 1).    

 

 

Prey Growth 
rate (d-1) 

Cell density  
(cells mL-1) 

Cell Volume 
(µm3) 

C:Chl Carbon flow into 
stage 2 (mg C d-1) 

D. tertiolecta 0.2 4.96E+05 

(8.47E+04) 

180 (21) 238 (70) 1.4 (5.3E-03) 

D. tertiolecta 1.2 7.69E+05 

(5.30E+04) 

119 (8) 59 (10) 1.0 (4.1E-02) 

T. pseudonana 0.2 1.99E+06 

(3.09E+05) 

33 (3) 514 (109) 2.1 (5.4E-03) 

T. pseudonana 1.2 1.69E+06 

(2.75E+05) 

37 (3) 125 (16) 0.98 (1.5E-03) 

 

Experimental measurements 

Cell densities, volume, and diameter were monitored using a Coulter Counter 

(Beckman Coulter; Brea, California).   

Chlorophyll concentrations were determined by collecting triplicate 10 mL 

samples from the continuous cultures and gently filtering through a GF/F filter.  

Filters were extracted in 90% acetone at -20°C for 24-48 hours. Absorbance was 

measured by spectrophotometer (Shimadzu; Kyoto, Japan) at 750, 664, and 447 nm 

Table 1. Flow of prey from stage 1 into stage 2 was controlled to provide similar rates of prey carbon 
biomass to the predator across all treatments despite differences in prey cell densities and volume. In all 
treatments, prey from stage 1 flows into stage 2 at 60 ml d-1. Standard deviations of three independent 
replicates are in parentheses. 
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for chlorophyll a and b in D. tertiolecta and 750, 664, 630 nm for chlorophyll a and c 

in T. pseudonana. Chlorophyll concentration was calculated according to equations in 

Ritchie [2006]. 

Culture samples for cellular carbon and nitrogen were filtered onto 

precombusted GF/F filters, carefully folded into precombusted aluminum foil packets 

and stored at -20°C until analysis. For prey cultures, 2, 3, and 4 mL samples were 

filtered, and 4 mL of the prey culture filtrate was used as a blank-subtracted control. 

For O. marina cultures, 3, 4, and 5 mL samples were filtered, and 4 mL of the O. 

marina culture filtrate was used as a blank-subtracted control. Samples were analyzed 

using an elemental analyzer (Exeter Analytical; North Chelmsford, Massachusetts). 

O. marina cultures are not available from NCMA free of bacterial 

contamination, so bacteria were monitored throughout the experimental periods to 

ensure bacterial counts did not increase in proportion to O. marina concentration. 

Bacteria were enumerated by the plate dilution technique.  10 µL of culture was 

serially diluted to 10-6 and plated on marine broth agar plates.  Plates were kept in the 

dark at 18°C, monitored for 3 days, and bacterial concentrations were recorded on the 

third day. 

Phosphorous content was determined by filtering 5 mL of culture onto a 

precombusted and acid washed GF/F filter followed by combustion at 450° C for 4 

hours. Culture filtrate was filtered through another prepared GF/F filter and used for 

blank-subtraction. A standard curve of P (KH2PO4) was created and used to determine 
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P concentrations in the samples.  P was analyzed following the protocol described in 

Valderrama [1981]. 

We further assessed lipid content in the prey and their O. marina predators by 

staining with Nile red and using confocal microscopy to visualize neutral lipid 

accumulation in response to nutrient availability.  Nile Red staining and confocal 

microscopy was used to observe neutral lipid body accumulation in the prey and O. 

marina cultures. Samples (1 mL) were incubated in the dark for four hours with Nile 

Red dye (0.001 g/10 mL acetone) prior to imaging using an Argon laser (458, 488, 

514 nm) at 63X magnification on a LSM 780 NLO confocal microscope (Zeiss; Jena, 

Germany). 

Dissolved organic carbon (DOC) was measured to help determine the fate of 

carbon between the different treatments.  Samples were filtered on combusted GF/F 

filters and the 5mL samples of filtrate were added to combusted vials.  Samples were 

then acidified with 1N HCl at 4% of the volume of sample.  Blanks were sterile F/2 

media.  All samples were read using a Shimadzu Total Organic Carbon (TOC) 

analyzer (Shimadzu; Kyoto, Japan). 

To determine whether the degree of nutrient limitation influenced motility, we 

measured the average speed of both motile organisms (D. tertiolecta and O. marina).   

Motility was estimated using bright field microscopy at 20X magnification and 

ImageJ software (Broken Symmetry Software, Informer Technologies Inc., Schneider 

et al, 2012). Images were captured at 5 ms intervals for 1 s. The distance the cell 

travelled was measured for a total of 1 s. 
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Fecal pellets were visualized and counted using an inverted microscope. 

Triplicate 3 mL samples of prey (used as a negative control for fecal pellets) and O. 

marina cultures were passed through a 5 µm mesh screen to remove the majority of 

living cells from the sample. Particles were allowed to settle overnight in coverslip-

bottomed Petri dishes. Particles were counted on a 150 µm2 grid with 15 µm2 squares. 

Pellet sizes were determined using ImageJ software. 

Carbon transfer efficiencies (CTE) quantify the fraction of prey carbon that is 

consumed and retained as biomass in the predator.  Carbon and nitrogen transfer 

efficiencies were calculated by dividing predator element (Eg) by the prey element 

(Ep) that was consumed using the following equation 

𝐸)
𝐸*
𝑐𝑒𝑙𝑙 ∗ 𝑃/ − 𝑃1

 

where E is the element C or N, P1 is the prey population in stage one, and P2 is the 

prey population in stage two. 

Ingestion rates were calculated using the following equation 

𝐷 ∗
𝑃/ − 𝑃1
𝑔  

where D is dilution rate in stage two per hour and g is the predator population.  This 

calculation is based off the one presented in Bloem et a, 1988.   

O. marina might display a feeding preference for D. tertiolecta over T. 

pseudonana. To test this idea, we inoculated batch cultures of O. marina with D. 
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tertiolecta and T. pseudonana with the aim to equalize encounter rates between O. 

marina and the two prey species. Thus, more diatoms were available for consumption 

at the start of the experiment (Day 0). Prey preference was analyzed to determine if 

O. marina displayed preferential feeding on one prey type over the other.  Because of 

the size difference between the two prey types we attempted to equalize the predator-

prey encounter rates based on collision theory: the probability of a projective hitting a 

target.  We did this by accounting for estimated surfaces areas of the two prey 

species.  We assumed a conical shape for D. tertiolecta and a cylindrical shape for T. 

pseudonana. This was a simplified view of collision theory because we did not take 

into account motility of D. tertiolecta (which could increase encounter rates) or 

potential settling of T. pseudonana (which could decrease encounter rates) into 

account. Prey cells were added on day 0 to healthy O. marina that had previously 

consumed both prey types so there was no inherent bias to either prey species. 

 The replicates for the data presented were all combined by calculating the 

averages and standard errors. Propagation of error was used to calculate properties 

that combined independent measurements (e.g., C:N, CTE).  All statistics were 

calculated using the T test method in Microsoft Excel 2007 or 2010. 
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Results   

The goal of this study was to investigate the effects of carbon composition in 

phytoplankton at the base of the food web on growth and fitness of a 

microzooplankton predator. Nutrient limitation changes algal carbon composition, so 

we devised a system to continuously supply phytoplankton growing under different 

degrees of nutrient limitation to a microzooplankton predator. This two-stage 

continuous culturing system allowed both prey and predator organisms to grow at a 

steady state without any fluctuations in population that are observed in batch culture 

conditions.  The two-stage continuous culture system was designed to feed all O. 

marina cultures at similar rates of carbon biomass (not the same rate of prey cells, see 

Methods, Table 1).  This system resulted in no differences in the cell densities of O. 

marina cultures fed fast or slow growing D. tertiolecta.  In contrast, populations of O. 

marina fed slow growing T. pseudonana were almost two-fold lower than O. marina 

fed fast growing T. pseudonana (p<0.01) or D. tertiolecta (Table 2).  

 

Effects on population sizes 

O. marina cell volume was significantly larger when fed slow growing D. 

tertiolecta (p<0.05), compared to O. marina fed fast growing D. tertiolecta, but did 

not vary when fed slow or fast growing T. pseudonana. (Table 2). 
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Ingestion and egestion of phytoplankton prey 

Cellular ingestion rates (prey cells per O. marina cell h-1) of O. marina fed 

fast growing D. tertiolecta were 1.6-fold higher than those fed slow growing D. 

tertiolecta. In contrast, O. marina fed slow growing T. pseudonana had 1.6-fold 

higher cellular ingestion rates compared to O. marina fed fast growing T. pseudonana 

(Table 2).  O. marina consumed more T. pseudonana cells than D. tertiolecta cells, 

 

Prey 

 

Growth rate  
(d-1) 

Stage 2 (O. marina) 

Cell density  
(cells mL-1) 

Cell Volume (µm3) 

D. tertiolecta 0.2 2.33E+04 

(4.73E+03) 

1729 (144) 

D. tertiolecta 0.2 2.36E+04 

(6.32E+03) 

1970 (198) 

T. pseudonana 0.2 1.90E+04 

(4.41E+03) 

1467 (248) 

T. pseudonana 0.2 2.59E+04 

(5.34E+03) 

1382 (140) 

Table 2. Cell densities and volumes of O. marina in stage 2 of the two-stage continuous 
culture. Values in parentheses are SD. 
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but note that O. marina cultures were all provided the same amount of carbon 

biomass.  Thus, when the cellular ingestion rates were converted to biomass carbon 

consumed, all O. marina treatments had similar ingestion rates, with the exception of 

O. marina fed slow growing T. pseudonana. This treatment had a 3-fold higher 

carbon ingestion rate per O. marina cell h-1 (Table 3).  

 

 

O. marina fed fast growing D. tertiolecta egested more fecal pellets compared 

to the other treatments (Fig 3A). Twice as many fecal pellets were identified in the O. 

marina cultures fed fast growing D. tertiolecta compared to those fed slow growing 

D. tertiolecta (p< 0.05) or fast growing T. pseudonana (p< 0.05) (Fig 3A).  O. marina 

fed slow growing T. pseudonana egested the least fecal pellets.  The differences in 

fecal pellets egested were not complemented by differences in the size of egested 

fecal pellets, all of which were similar (p> 0.05) (Fig 3B).  

 

 

Prey Growth rate (d-1) Ingestion rate 

prey cells (O. marina cell h)-1 

Ingestion rate 

ng C (O. marina cell h)-1 

D. tertiolecta 0.2 3.95 0.189 

D. tertiolecta 1.2 6.36 0.142 

T. pseudonana 0.2 18.58 0.334 

T. pseudonana 1.2 11.55 0.112 

Table 3. Ingestion rates of O. marina fed fast or slow growing D. tertiolecta or  
T. pseudonana. 
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Dissolved Organic Carbon (DOC) 

 DOC was significantly lower in Stage 2 (p< 0.01) when O. marina was fed T. 

pseudonana compared to O. marina fed D. tertiolecta prey (Fig 4). DOC content was 

1 mM in Stage 2 when O. marina was fed D. tertiolecta. This value was more than 

two-fold higher than DOC content in Stage 2 where O. marina was fed diatom prey 

(400 µM).  These results show that prey species, but not nutrient availability, affects 

the DOC output of O. marina.  
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Figure 3. Fecal pellet concentration (A) and size (B). Errors bars are standard deviation. O. 
marina fed D. tertiolecta (filled bars); O. marina fed T. pseudonana (outlined bars); O. marina 
fed slow growing prey (grey); O. marina fed fast growing prey (black).  
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Carbon and nitrogen transfer efficiencies 

CTEs in O. marina fed either D. tertiolecta or T. pseudonana were strongly 

impacted by the nutritional status of their prey. CTE was 40% when O. marina was 

fed fast growing D. tertiolecta and declined to 18% when fed slow growing D. 

tertiolecta (Fig 5A). When fed fast growing T. pseudonana, CTE was 24% and 

decreased to only 5% when fed slow growing T. pseudonana (Fig 5A). Our results 

also show that CTE was also strongly influenced by prey species. CTE in O. marina 

fed fast growing D. tertiolecta was 16% higher than the CTE of O. marina fed fast 

growing T. pseudonana. Similarly, CTE was 13% lower in O. marina fed slow 

growing T. pseudonana compared to O. marina fed slow growing D. tertiolecta.  

Nitrogen transfer efficiencies (NTE) were tightly constrained across 

treatments with the exception of O. marina fed slow growing T. pseudonana.  NTE 
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Figure 4.  Dissolved organic carbon content in stage two. Error bars are 
standard deviation. O. marina fed D. tertiolecta (filled bars); O. marina fed 
T. pseudonana (outlined bars); O. marina fed slow growing prey (grey); O. 
marina fed fast growing prey (black).  
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for this treatment was 30% compared to near 40% in the other treatments, though this 

may not be statistically significant because of the large standard deviation (Fig. 4B).  

This result highlights another behavior in which O. marina fed slow growing T. 

pseudonana deviated from the other O. marina treatments. 

  

 

Elemental composition of cells between treatments 

In both prey species, as growth rate decreases, cellular carbon increases and 

cellular nitrogen and phosphorous decrease. In contrast to these nutrient-driven 

changes in the prey, the elemental composition of O. marina fed D. tertiolecta did not 

vary in response to the nutritional status of the prey (Fig 6B). However, the C:N and 

C:P of O. marina fed slow growing T. pseudonana was significantly different than all 

other treatments (Fig 6B and Table 4, p< 0.01).  C:N in O. marina fed either fast or 

slow growing D. tertiolecta or fast growing T. pseudonana was about 2.5-fold lower 
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Figure 5.  Carbon and nitrogen transfer efficiencies of the four O. marina populations.  Shading is as 
in Figure 3. Error bars are standard deviation. 
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than the C:N of their prey (Table 4).  However, C:N in O. marina fed slow growing 

T. pseudonana was 4.6-fold lower than its prey (Table 4).  

 N:P in both prey cultures increased with decreasing growth rate.  In fast 

growing D. tertiolecta, N:P was only 2:1 and was significantly lower than the other 

prey types (p< 0.05). O. marina N:P values were all greater than their prey N:P 

values, with the exception of O. marina fed slow growing T. pseudonana in which 

N:P was lower than its prey and 1.5 times lower than the other O. marina treatments 

(Table 4). 

 C:P of both prey types increased with decreasing growth rate, reflecting the 

decreasing demand for phosphorous in more slowly dividing cells.  C:P in T. 

pseudonana was 2-3-fold higher than in D. tertiolecta.  Despite the wide range of C:P 

values in the prey, C:P in O. marina was relatively constrained near 40 in all 

treatments except for O. marina fed slow growing T. pseudonana.  In that treatment, 

C:P was 3.6-fold lower than O. marina fed fast growing T. pseudonana (p< 0.05), and 

was also lower than the other O. marina treatments (Table 4). 
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Prey 

 

Specific 
growth 

rate  
(d-1) 

C:N N:P C:P 

 

Prey 

 

O. marina 

 

Prey 

 

O. marina 

 

Prey 

 

O. marina 

D. tertiolecta 0.2 

 

15 (3) 

 

6 (1) 

 

3 (1) 

 

8 (4) 

 

32 (13) 39 (24) 

 

D. tertiolecta 1.2 

 

13 (2) 

 

6 (3) 

 

2 (1) 

 

8 (3) 

 

21 (3) 43 (22) 

 

T. pseudonana 0.2 

 

12 (2) 

 

3 (1) 

 

7 (1) 

 

5 (3) 

 

91 (16) 11 (9) 

 

T. pseudonana 1.2 

 

12 (1) 

 

5 (1) 

 

5 (1) 

 

7 (3) 

 

60 (12) 35 (12) 

 

 

O. marina fed slower growing prey had about half the total CNP content of O. 

marina fed faster growing prey (Fig 6A). However, when each element is shown as 

the fraction of the total elemental content in each O. marina treatment, there were no 

differences between O. marina fed fast or slow growing D. tertiolecta or fast growing 

T. pseudonana (Fig 6B). Here again, a clear disparity is evident in the properties of O. 

marina fed slow growing T. pseudonana. These cells maintained a higher proportion 

of N and P compared to O. marina fed any of the other prey (Fig 6B). 

 

Table 4. Elemental composition of O. marina and its nutrient limited prey. Values in parentheses are 
SD. 
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Lipid accumulation  

 Figure 7A shows representative confocal microscopy images of lipid body 

accumulation in the different nutrient limited prey. In D. tertiolecta, small lipid 

bodies (~1 µm in diameter) were clearly visible in 61% of 30 fast growing cells 

imaged (the remaining 39% of the population contained faint or no lipid bodies). 56% 

of the 18 slow growing D. tertiolecta cells imaged had faint lipid bodies, and the 

remaining cells contained no visible lipid bodies. Similarly, few small lipid bodies 

(~0.5 µm in diameter) were visible in 55% of the 15 fast growing T. pseudonana 

imaged, and no lipid bodies were observed in the remaining 45% of the population. 

However, 62% of the 11 slow growing T. pseudonana cell imaged accumulated a 

single large lipid body (~2 µm) that encompassed approximately 25% of total cell 

1.00E-06

2.00E-06

3.00E-06

4.00E-06

5.00E-06

6.00E-06

7.00E-06

8.00E-06

9.00E-06

CN
P	
g	
ce
ll-

1

60%

65%

70%

75%

80%

85%

90%

95%

100%

Figure 6.  Cellular elemental composition of O. marina fed slow or fast growing D. tertiolecta or 
T. pseudonana. Carbon (light speckled grey), nitrogen (medium grey), phosphorous (black).  
Panel A shows the cellular content of each element. Panel B shows the relative percentage of 
each element.  Note that the y-axis in 6B begins at 60%. 
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volume. The remaining 38% of slow growing T. pseudonana cells had multiple, 

smaller lipid bodies.  

Figure 7B shows lipid body accumulation in the four different O. marina 

treatments. O. marina lipid body accumulation were markedly different depending on 

prey species, but the degree of nutrient limitation was not a major factor influencing 

O. marina lipid body content when fed D. tertiolecta.  Regardless of whether O. 

marina was fed fast or slow growing D. tertiolecta, O. marina accumulated multiple 

medium-sized (~2 µm diameter) lipid bodies (66% and 88% of 28 and 17 cells 

imaged, respectively). The remaining cells in the population showed fewer and 

smaller lipid bodies, but they were never completely lacking in lipid bodies. In 

contrast, only 36% of 25 O. marina fed fast growing T. pseudonana images 

accumulated very few, very small (<1 µm diameter) lipid bodies, and no lipid bodies 

were visible in the remaining cells. Furthermore, 63% of the 16 O. marina fed slow 

growing T. pseudonana imaged showed no visible lipid bodies, with the remaining 

cells showing a few, faint lipid bodies. 
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Figure 7A.  Lipid body accumulation in nutrient limited prey species. Confocal images of typical cells 
showing Nile red stained lipid bodies (red) in fast growing (top) or slow growing (bottom) D. tertiolecta 
(left) or T. pseudonana (right). Green is chlorophyll.  
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Figure	7B.	Lipid body accumulation in O. marina. Confocal images of typical cells showing Nile red stained 
lipid bodies (red) in O. marina fed fast growing (top) or slow growing (bottom) D. tertiolecta (left) or T. 
pseudonana (right). Green is chlorophyll.	
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Effects of nutrient limitation on motility 

Slow growing D. tertiolecta were significantly faster than fast growing D. 

tertiolecta (Fig 8A, p<0.01). The speed of the O. marina cells fed fast growing T. 

pseudonana was significantly faster compared to the other treatments (p <0.01, Fig 

8B).  

 

 

 

Prey preference experiments 

The large differences in cellular physiology displayed by O. marina fed slow 

growing T. pseudonana suggested to us that O. marina might display a feeding 

preference for D. tertiolecta over T. pseudonana due to the higher quality of D. 

tertiolecta as prey. Over the first two days of the experiment, O. marina consumed 

slightly more T. pseudonana cells than D. tertiolecta cells. However, nearly twice as 

much D. tertiolecta carbon biomass was consumed during this period. Between days 
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Figure 8.  Cell speeds of slow (grey) and fast (black) growing D. tertiolecta (A) and O. 
marina (B) fed D. tertiolecta (filled bars) or T. pseudonana (outlined bars). Error bars are in 
standard deviation. 
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2-4, O. marina consumed the diatom cells four times faster than D. tertiolecta cells.  

This ingestion corresponds to double the intake of T. pseudonana carbon over D. 

tertiolecta.  Across the duration of the entire experiment, the diatom cells were 

consumed at twice the rate of D. tertiolecta cells, but equal amounts of prey carbon 

biomass were consumed in total over the entire time course of the experiment (Table 

5). 

 

Prey Initial 
cells  

(mL-1) 

Days 0-2 Days 2-4 Days 0-4 Final cells 
(mL-1) 

Cells 
mL-1 

Carbon 

ng mL-1 

Cells 

mL-1 

Carbon 

ng mL-1 

Cells 

mL-1 

Carbon 

ng mL-1 

 

D. tertiolecta 2.55E+05 48 1.0 21 0.49 78 2.0 8.66E+04 

T. pseudonana 5.18E+05 60 0.58 83 0.81 180 2.0 1.28E+05 

	

	

	

	

	

	

	

 

 

Table 5.  Prey preference of O. marina in batch culture.  Ingestion rates of prey by O. marina in culture 
when prey was provided to equalize encounter rates between O. marina and the different prey species. 
Rates are shown in terms of cells per unit volume and as carbon per unit volume.  
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Discussion 

Nutrient-driven changes in prey carbon composition were studied to 

determine their influences on growth, nutrient allocation, and behaviors in the model 

microzooplankter, O. marina. Studies on microzooplankton physiology are important 

because microzooplankton are a key link between phytoplankton at the base of the 

food web and copepods and other members of the classical food web [Gifford, 1985].  

Zooplankton, including microzooplankton, are thought to have much less 

physiological plasticity than their phytoplankton prey [Caron & Hutchins, 2012]. To 

achieve elemental stoichiometric (C: N: P) homeostasis, microzooplankton alter their 

ingestion, egestion, and respiration rates [Frost et al 2005, Meunier 2012].  The vast 

majority of previous studies on microzooplankton used batch cultures to assess their 

physiology over a growth and starvation period (e.g. 5-20 days) [for example, 

Christaki et al 2005, Gifford 1985, Giordano et al 2015].  A defining feature of the 

research presented in this thesis was use of a two-stage continuous culture set-up that 

enabled examination of the physiology of O. marina in response to nutrient limited 

prey that were also in steady state growth.  This system removes the Lotka-Volterra 

fluctuations observed in batch cultures that cause populations to vary with time in 

abundance and physiological status.  We found that significant shifts in the dietary 

quality of phytoplankton prey registered in O. marina physiology and carbon transfer 

efficiencies (CTEs). Microzooplankton are important mediators of energy and 

elements in marine ecosystems, and our results suggest that the global biological 

carbon pump could weaken as regions of nutrient limitation in the world’s oceans 

expand [Irwin & Oliver, 2009]. Furthermore, shifts in microzooplankton carbon 
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quality are also expected to negatively impact growth and fitness of organisms at 

higher trophic levels [Kiørboe, 1989, Sulkin et al,1999, Montagnes et al, 2011].  

 

The fates of carbon after microzooplankton and its ecological effects 

Prey nutritional status had a dramatic impact on CTEs. CTEs in O. marina fed 

slow growing nutrient limited prey were 40 and 80% lower than CTEs in O. marina 

fed the faster growing prey (Fig 5A). Prey species compounded the effect of nutrient 

limitation with the CTEs in O. marina fed diatoms being lower than O. marina fed 

green algae. Despite consuming three times more prey carbon biomass, O. marina fed 

slow growing T. pseudonana retained only 5% of its prey carbon in biomass. 

Similarly, heterotrophic flagellates consumed more Prochlorococcus and had lower 

CTEs than when the flagellates were fed Synechococcus [Guillou et al, 2001].  Thus, 

low CTEs require that predators consume more of their prey to maintain a growth 

physiology.  

The decrease in CTE in O. marina fed slow growing T. pseudonana relative to 

other prey types was not compensated for by an increase in fecal pellets egested 

relative to the other treatments (Fig 3A). Therefore, the low CTE in this treatment 

represents a significant decrease in particulate organic carbon that otherwise would be 

transferred to higher trophic levels or exported via fecal pellet sinking. Furthermore, 

the low CTE in O. marina fed slow growing T. pseudonana was not associated with 

higher DOC content in Stage 2 compared to the other treatments (Fig 4). Thus, our 
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results show that 95% of ingested diatom carbon was likely lost from the system as 

CO2 [Mitra, 2006; Meunier et al, 2012].  

The lower CTE values associated with diatom prey compared to green algae 

prey may reflect high energetic costs associated with extracting cell biomass from the 

silica frustules surrounding diatoms. Diatom frustule morphology provides protection 

from grazing [Hamm et al, 2003], and iron limitation increases frustule mechanical 

strength [Wilken et al, 2011] due to longer periods of silica deposition during cell 

cycle arrest, a behavior that may also occur during macronutrient (N or P) limitation 

[Claquin et al, 2002]. Silica limitation decreases frustule thickness and causes 

increased microzooplankton growth rates [Spillane, 2016]. Thus, high rates of 

respiration of prey carbon may be required to fuel the additional ATP requirements 

needed for consumption of diatoms, and especially severely nitrogen limited diatoms 

(e.g., slow growing T. pseudonana), whereas green algae may be inherently less 

costly to consume due to their lack of silica barriers.   

The consequence of a dramatically reduced CTE in O. marina fed slow 

growing T. pseudonana is an abridged marine carbon cycle that severely limits 

carbon export and sequestration into the deep ocean. On the other hand, fast growing 

green algae appear to promote carbon export. O. marina fed fast growing D. 

tertiolecta had the highest CTE and egested twice as many fecal pellets compared to 

the other treatments (Fig 3A). Pellet composition is also likely to differ depending on 

prey type (species and growth rate). Although not specifically analyzed in this study, 

we did observe fecal pellets from O. marina fed T. pseudonana that were mainly 

composed of silica frustules (Fig 10). Thus, as these pellets sink out of the surface 
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layer of the ocean, they also deplete the surface water of silica. Silica limitation has 

been observed following intense diatom blooms in the Antarctic [Tréguer & Jacques, 

1993].  

Together, these data suggest that prey carbon composition can have 

significant impacts on the flow of carbon through the marine system (Fig 9).  There is 

increased DOC output when D. tertiolecta are the prey species relative to diatom prey 

treatments, allowing for remineralization of carbon within the microbial food web 

(Fig 4).  Slow growing D. tertiolecta supported high lipid body content in its grazer, 

high DOC output (Fig 4), but lower egestion rates compared to fast growing D. 

tertiolecta. T. pseudonana is low quality prey because O. marina did not accumulate 

lipid bodies (Fig 7B) and released little carbon as DOC or fecal pellets (Figs 3 and 4). 

Therefore, the majority of prey carbon was expelled as CO2.  

 

 

 

 

 

 

 

 



51	
	

	

 

 

 

 

 

 

 

 

 

 

CO2

Phyto-
plankton

Micro-zoo-
plankton

Secondary	
predators

Fecal	
pellets 

(Deep	
ocean) 

DOC 

Figure 9.  Different fates of carbon in the marine ecosystem depending 
on phytoplankton species and nutrient status. O. marina fed slow 
(grey) and fast (black) growing D. tertiolecta have higher rates of fecal 
pellet and DOC production while O. marina fed T. pseudonana 
(outlined black (fast), filled grey (slow)) release more carbon as CO2. 
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O. marina maintained elemental homeostasis with a balanced C:N:P of 39:7:1 

in all treatments except for O. marina fed slow growing T. pseudonana (Fig 6). In 

that treatment, C:N:P was 10:4:1, a value that reflected cells that were severely 

depleted in carbon relative to nitrogen and phosphorous.  C:N in O. marina fed slow 

growing T. pseudonana in our experiments was 2.5-5.5. These low values were 

similar to O. marina that was starved for four days [Meunier, 2012]. The altered 

C:N:P in O. marina fed slow growing T. pseudonana suggests that O. marina hoards 

the available N and P, while at the same time rapidly released prey carbon through 

respiration for energetic requirements and/or to metabolize prey carbon for 

Figure 10. Representative confocal microscopy image of an O. 
marina fecal pellet composed of diatom frustules.  Note that the 
pellet lacks green (chlorophyll) and red (neutral lipids) pigmentation 
observed in living T. pseudonana cells. Arrows point to individual 
frustules within the pellet. 
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biosynthesis of essential carbon compounds not obtained directly from slow growing 

T. pseudonana [Hessen and Anderson, 2008]. Despite retaining higher N and P 

relative to C, NTE in O. marina fed slow growing T. pseudonana was also lower than 

the other treatments (Fig 5B). However, in all O. marina treatments, NTEs were        

≥ CTEs.  NTEs < CTEs were reported in starving or dying copepods that had been 

fed a diet composed only of nutrient replete diatoms [Hessen and Anderson, 2008]. In 

that study, the relationship reversed so NTEs ≥ CTEs for growing copepods whose 

diatom diets were supplemented with microzooplankton [Jones and Flynn, 2005]. In 

contrast, all O. marina treatments in our study were provided mono-species diets and 

were capable of maintaining stable growth (in other words, they were actively 

dividing, not starving or dying), albeit with widely varying CTEs, even when the diet 

of D. tertiolecta or T. pseudonana was severely nitrogen limited.   

  

Carbon composition effects on food web dynamics 

Microzooplankton lipids have emerged as critical prey carbon components for 

the development of their larger grazers; for example, in copepod, crab larval, and fish 

development [Sulkin and McKeen, 1999; Klein-Breteler et al, 1999; Frost et al, 

2005], but less is known about lipid requirements for microzooplankton growth. 

Many marine heterotrophs obtain essential fatty acids or fatty acid precursors from 

their diet. We measured neutral lipid body content in O. marina growing on prey with 

different carbon contents controlled by nutrient availability.  We found that nutrient 

limitation can cause fundamentally different strategies of lipid body accumulation in 
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nutrient limited green algae and diatoms.  With increasing nutrient limited growth 

rate, D. tertiolecta accumulated more neutral lipid bodies than slower growing cells 

(Fig 7A). This result is consistent with previous work on D. tertiolecta showing 

higher total lipid content in faster growing compared to slower growing nutrient 

limited cells, with phospholipids accounting for the largest fraction of total lipid 

content [Halsey et al, 2011]. Phospholipid content is also higher in faster growing 

compared to slower growing plant cell cultures [Mei et al, 2015]. In contrast to the 

behaviors in D. tertiolecta, slow growing T. pseudonana accumulated neutral lipid 

bodies to a much greater extent than in faster growing cells (Fig 7A).  

Phytoplankton fatty acids profiles show that D. tertiolecta commonly stores 

a-linolenic acid (ALA; 18:3ω3) [Parrish et al, 2012], a known essential 

polyunsaturated fatty acid (PUFA). ALA is synthesized from phospholipids via 

elongation and desaturation steps that require energetic investments (Fig 11). On the 

other hand, T. pseudonana does not store ALA, but instead processes ALA directly to 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) via NADH-dependent 

(Nicotinamide adenine dinucleotide) desaturation and fatty acid chain elongation 

steps [Parrish et al, 2012, Fig 11]. Thus, the ALA pool is undetectable in T. 

pseudonana [Cook & Hildebrand, 2016]. In plant cells, the balance between 

phospholipids and ALA is growth rate dependent with ALA content increasing 

relative to phospholipids with decreasing growth rate [Mei et al, 2015]. Overall, these 

differences in prey lipid content and composition provided an excellent opportunity to 

examine whether, similar to elemental composition, O. marina tends towards 

homeostasis with respect to lipid composition.   



55	
	

	

Our results suggest that species and nutrient-driven changes in prey lipid 

content and composition caused the CTEs in our O. marina treatments to vary by ten-

fold, from 5 to 50%.  Neutral lipid body accumulation varied substantially between O. 

marina treatments (Fig 7B). Nile red does not distinguish between neutral lipid types 

(e.g., ALA, EPA, or DHA), but the process of lipid metabolism (Fig 11) helps resolve 

how O. marina utilizes the lipids available in their prey. O. marina fed D. tertiolecta 

were rich in neutral lipid bodies. Although some of the accumulated neutral lipid 

bodies in O. marina were likely obtained directly (i.e., from fast growing D. 

tertiolecta), the high lipid body content in O. marina fed fast or slow growing D. 

tertiolecta suggested that the bulk of the lipid bodies in O. marina were derived from 

D. tertiolecta phospholipids.   

Nutrient-driven shifts in phytoplankton fatty acid composition caused 

significant shifts in microzooplankton lipid body content. O. marina fed T. 

pseudonana lacked the conspicuous lipid bodies found in O. marina fed D. tertiolecta 

(Fig 7B), even though neutral lipid content was greatest in slow growing T. 

pseudonana. A few lipid bodies were observed in O. marina fed fast growing T. 

pseudonana. Thus, it is likely that O. marina metabolized the phospholipids that were 

present in greater amounts in fast growing T. pseudonana compared to slow growing 

T. pseudonana. The higher phospholipid content likely facilitated the modest level of 

neutral lipid storage in its O. marina predator. The exceedingly low CTE in O. 

marina fed slow growing T. pseudonana suggested that there was near zero excess 

energy available in the T. pseudonana carbon that would enable carbon/energy 

storage as lipid bodies in its O. marina predator. We hypothesize that slow growing 
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T. pseudonana were not only lower in phospholipid content, but also had already 

converted their neutral lipids to DHA to extract energy from EPA via b-oxidation 

(Fig 11). Thus, during trophic transfer, O. marina fed slow growing T. pseudonana 

was unable to take advantage of this energy generating step.  Neutral lipid 

characterization of our prey and O. marina treatments is needed to confirm the prey-

influenced lipid metabolism proposed here for O. marina [Anderson et al, 2004, 

Anderson and Pond, 2000]. Nevertheless, the striking differences in lipid 

accumulation directly correlated with CTEs in O. marina. This work demonstrates 

that microzooplankton are not homeostatic with respect to their carbon composition 

and contradicts assumptions upon which ecosystem models describing trophic and 

elemental transfers are based [Anderson et al, 2013]. 
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Figure 11.  Simplified flowchart of the neutral lipid biosynthesis pathway showing energetic 
investments. The colored wedges indicate the lipid responses in prey and the O. marina predator. 
Width of the wedge conveys the relative amount of the corresponding fatty acid in the pathway to 
the right in the prey. Color of the wedge indicates the nutrient and species driven dietary quality of 
the prey for O. marina.  Green is the highest quality prey (fast growing D. tertiolecta). Yellow is 
moderate quality prey (slow growing D. tertiolecta and fast growing T. pseudonana), and lower 
quality prey. Red is the poorest quality prey (slow growing T. pseudonana). 
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Effects of prey quality on motility 

Prey quality also appears to influence swimming speeds in O. marina. 

However, this effect was only observed when the prey quality was sufficiently poor to 

yield a significant increase in O. marina motility. Swimming speeds in O. marina 

were the same regardless of the degree of nutrient limitation in D. tertiolecta, even 

though the prey quality of D. tertiolecta was higher in fast compared to slow growing 

cells. However, O. marina fed fast growing T. pseudonana had significantly faster 

swimming speeds than the other treatments including O. marina fed slow growing T. 

pseudonana (Fig 8B). It appears that the relatively poor carbon quality of fast 

growing T. pseudonana (compared to fast or slow growing D. tertiolecta) created a 

carbon or energy-limiting environment for O. marina, to which O. marina responded 

by increasing its swimming speed to seek out more prey and compete with other 

grazers. However, when T. pseudonana carbon content was extremely depleted of 

carbon quality (e.g., very nutrient limited, slow growing cells that were lacking 

energy in the form of phospholipids, ALA, or EPA), we suggest that O. marina 

became so nutritionally depleted that they could not overcome the additional costs 

associated with increasing motility. Thus, these experiments reveal a cost-benefit 

tradeoff for O. marina between swimming speed and the carbon quality of its prey. 

Additional costs for O. marina are known to be associated with increased swimming 

speeds, namely higher rates of predation by protozoa and rotifers [Dodson, 1996]. 
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Prey preference of O. marina  

O. marina preferentially consumed D. tertiolecta over T. pseudonana when 

both prey species were initially provided to O. marina at equal encounter rates (Table 

5). This result may be surprising because the green alga is motile and potentially 

capable of escaping predation. In other studies, O. marina have been observed 

preferentially feeding on larger, motile Dunaliella primolecta, over two smaller, non-

motile species, Micromonas pusilla and Isochrysis galbana [Roberts et al, 2011].  

Thus, the higher dietary quality of D. tertiolecta was likely detected by O. marina, 

causing the predator to increase its motility.  The degree of sophistication by which 

dinoflagellates are capable of discriminating between prey is debated, but they 

reportedly use info-chemicals released by their prey to direct their pursuit [Roberts et 

al, 2011].  

 

Ecological impacts of microzooplankton-phytoplankton interactions 

Nutrient availability has significant impacts on phytoplankton species and 

carbon composition [Behrenfeld & Boss, 2014, Halsey and Jones, 2015]. We found 

that the carbon flow that is largely mediated by microzooplankton in aquatic 

environments is profoundly impacted by these influences. We used two-stage 

continuous cultures to document the transfer of phytoplankton biomass and nutrients 

into the next trophic level without Lotka-Volterra derived imbalances.  Results 

showed that both prey species and prey nutrient driven physiology play key roles in 

lipid metabolism and CTEs in the microzooplankter, O. marina. The lack of stored 



60	
	

	

ALA in T. pseudonana severely limited O. marina’s ability to maintain stores of the 

essential polyunsaturated fatty acids (PUFAs), EPA and DHA.  Furthermore, very 

slowly growing T. pseudonana did not enable detectable neutral lipid storage in O. 

marina. These lipid dynamics were further related to the energetic balance of carbon 

metabolism in O. marina. Prey that were rich in phospholipids and ALA yielded 

higher CTEs in O. marina than prey that was rich in DHA. Low CTEs were not 

associated with higher fecal pellet accumulation. Thus, our results show that nutrient 

limited prey underlie an abridged carbon cycle that involves rapid release of prey 

carbon (primary production) back into the environment as CO2, instead of particulate 

carbon being sequestered into the deep ocean or transferred to higher trophic levels. 

This research should be used to inform ecosystem models describing trophic transfers 

by quantifying the effects of species and nutrient limitation on phytoplankton and 

microzooplankton biochemical composition. The roles of microzooplankton in carbon 

and elemental (e.g., N, P, Si) cycling have been generally passed over in favor of 

research that explores phytoplankton impacts on zooplankton and fisheries. 

Considering that 59-75% of primary production flows through microzooplankton 

[Calbet and Landry, 2004], this work reveals that species composition and nutrient 

availability can severely impact marine carbon cycling, especially as it responds to a 

changing climate. Expanding regions of nutrient availability could exacerbate the rate 

of CO2 accumulation in the atmosphere because of fundamental changes in carbon 

composition at the base of the food web.  
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Conclusions and Future Directions 

This work shows that both environmental nutrient limitation and 

phytoplankton species significantly impact food web dynamics at the first level of 

trophic transfer.  Severe nutrient limitation disrupts elemental homeostasis in 

microzooplankton and causes them to expend significant energy to glean nutrients 

from their prey.  These behaviors result in low carbon transfer efficiencies and an 

abridged carbon cycle that returns CO2 back into the atmosphere instead of 

transferring primary production to higher trophic levels or sequestering it in the deep 

ocean via sinking particulate organic carbon.  Changes in fatty acid composition of 

phytoplankton prey cells also affect the ability of microzooplankton cells to store 

energy rich carbon.  Green algal prey decreased fatty acid synthesis in slower 

growing cells and was directly associated with decreased carbon transfer efficiency in 

microzooplankton.  Fast growing green algae were rich in phospholipids and ALA, 

and O. marina metabolized these fatty acids into EPA and DHA for carbon storage 

and recovered some energy in the process. Slow growing green algae had less lipid 

content compared faster growing green algae, but the slow growing green algae had 

higher ALA content than the diatom prey regardless of growth rate.  Diatoms do not 

store ALA, therefore microzooplankton predators cannot use it as a precursor to EPA 

and DHA.  Instead, they are reliant on diatom phospholipids to supply EPA and DHA 

synthesis. Overall, O. marina fed diatoms had significantly lower concentrations of 

neutral lipids than those fed green algae.  Our results show that fast growing diatoms 

had sufficient phospholipid content to facilitate a modest accumulation of neutral 

lipids in their microzooplankton predators.  We hypothesize that the large lipid body 
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inside slow growing T. pseudonana cells is primarily DHA because ALA is not stored 

in diatoms and conversion of EPA into DHA via the β-oxidation pathway results in a 

gain of energy for the cell. Metabolism of phospholipids into DHA results in very 

poor carbon quality available for trophic transfer compared to the carbon quality of 

green algae and faster growing diatoms.  O. marina also appears to differentiate 

between the higher quality green algal prey and the more energetically costly diatom 

prey, however identification of the mechanisms involved in prey discrimination will 

require further study. 

 

Fatty acid analysis 

 Future studies to increase understanding of this complex system should first 

focus on fatty acid composition analysis.  Studies to determine the fatty acid 

composition of the neutral lipid bodies in prey and predator cells between treatments 

are underway in this laboratory. These studies have been designed to test the 

hypothesis that the lipid accumulation in O. marina is DHA/EPA and is dependent on 

the lipid profile of their prey.  Information about lipid classes and their accumulation 

in response to different nutritional environments is important for studies on higher 

trophic levels because fatty acids synthesized at the base of the food web are often 

consumed by organisms that are incapable of biosynthesizing their own essential fatty 

acids [Cook & Hildebrand, 2016].  These fatty acids are crucial for the development 

of a variety of predators, including copepods, crustaceans, and fish [Sulkin & 

McKeen, 1999, Parrish et al, 2012].  With expanding oligotrophic regions, nitrogen is 
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expected to become a more commonly limiting resource, and our data suggest that 

over all fatty acid content in phytoplankton will shift from the more energy rich 

phospholipids and ALA, to the more energy poor DHA.  Depletion of essential fatty 

acids in the marine food web can have significant impacts on a variety of industries, 

including fishing, biofuels, and pharmaceuticals, all of which are currently interested 

in the lipids of primary producers for their trades [Chen et al, 2010, Obata et al, 2013, 

Bergé et al, 2005, Liu et al, 2013].   

 

Prey preference   

Experiments to determine infochemical release by prey for grazer recognition 

are also encouraged from this work.  O. marina prefer larger, motile green algae over 

smaller, non-motile diatoms, but this study did not investigate whether info-chemical 

release also played a role in prey selection.  Understanding how infochemicals 

between different prey species and between levels of nutrient availability within the 

same species will help inform the fate of phytoplankton with respect to grazing.  

Microzooplankton are capable of controlling a phytoplankton bloom in as little as one 

week [Calbet, 2008, Tillman, 2004].  They can sense differences in biochemical 

makeup of their prey such as the presence of mannose-binding lectin on cell 

membranes [Guo et al, 2013], viral infection [Roberts et al, 2011], and physiological 

status of their prey [Tillman, 2004].  Our study showed that prey preference between 

green algae and diatoms was only apparent when both prey species had equal 

encounter rates. Once diatoms became significantly more abundant than green algae, 
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O. marina fed on the more available prey type.  This ‘cherry picking’ behavior may 

add interesting new fluxes to lipid transfer through food webs as well as the 

phytoplankton community composition through a bloom cycle.  Microzooplankton 

may graze down prey of higher nutritional quality at the beginning of the bloom, and 

continue to choose the highest quality prey available until only the least palatable 

prey remain in large numbers at the end of the bloom cycle.  This behavior may result 

in a healthier food web earlier in the summer and a weakened food web with 

decreasing carbon sequestration processes as the season progresses.  While this 

behavior is likely already to some extent bloom cycles, with increasing nutrient 

limitation, the window of highly productive blooms could drastically decrease and 

alter other parameters of food web dynamics such as the mating cycles and 

recruitment rates of higher trophic levels including copepods and their predators.         

 

Fecal pellet composition      

Fecal pellet composition of the O. marina consuming different prey species 

and nutritional qualities will impact the quality of nutrient flux to deep ocean food 

webs. Fecal pellet sinking is extremely important for facilitating the health of deep 

sea food webs by sinking out of the euphotic zone and retaining nutrients.  Prey 

having high carbon quality (i.e., fast growing D. tertiolecta, with high phospholipid 

and ALA content) supports higher rates of carbon sequestration into the deep ocean 

via sinking fecal pellets (Fig 3), and relatively high lipid body content in 

microzooplankton (i.e., O. marina, Fig 7B).  Fecal pellet composition varies 
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depending on prey species and quality [Laurenceau-Cornec et al, 2015].  

Microzooplankton may have an even greater impact on nutrient export than the more 

studied copepods [Buck & Newton, 1995].  We observed that carbon transfer 

efficiencies varied drastically with nutrient limitation and prey species, but fecal 

pellets were the most numerous in O. marina fed nutrient replete D. tertiolecta.  This 

result indicates that, in the case of diatom blooms, as oligotrophic oceans expand, 

fewer fecal pellets will be available for sinking.  Information about the composition 

of microzooplankton fecal pellets has not been well studied, and is not well 

represented in the literature.  Phytoplankton are capable of utilizing nutrients in the 

euphotic zone including those in fecal pellets [Halsey & Jones, 2015].  Knowledge 

about what nutrients are available for this reintegration into the food web is important 

for further understanding the nitrogen and carbon cycles as they change with a 

changing climate.  Fecal pellets also have an impact on reseeding the phytoplankton 

community the following season via upwelling of cells that survived ingestion and 

egestion, but had sunk out of the euphotic zone [Fowler & Fisher, 1982].  The results 

of this thesis indicate that with increasing nutrient limitation, microzooplankton spend 

more time sequestering nutrients from their prey before egestion.  Thus, fewer 

diatoms survive ingestion, and the fecal pellets observed in confocal microscopy 

showed no evidence of chlorophyll or lipid bodies, only empty silica frustules.     
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Three-stage continuous culture 

Finally, this work aimed to help resolve how variations in the environment 

affect nutrient transfer through trophic levels.  A major next step will be the inception 

of a three-stage continuous culture, adding a secondary predator to the food web in a 

controlled setting.  To my knowledge, a three-stage set up has not been attempted or 

published in the literature.  Multiple stage continuous cultures have the added benefit 

of maintaining higher trophic levels in steady state [Bull, 2010]. A third stage would 

facilitate study of the physiology of secondary predators; a feat that has only been 

done in semi-continuous or batch studies with copepods [Jones & Flynn, 2005, 

Parrish et al, 2012].  Jones & Flynn [2005] found that microzooplankton were higher 

prey quality for copepods than a diet of solely diatoms, and Parrish [2012] found that 

EPA and DHA were crucial for copepod development and success, showing that the 

presence of these fatty acids in microzooplankton is important for trophic transfers up 

food webs.  Copepods are difficult to maintain in a steady state system because of 

their complex development and multi-stage life cycles.  Other predators of 

dinoflagellates can be kept in steady state conditions, however.  Large ciliates are 

ideal secondary predators for continuous culture set-ups and could show how changes 

in environmental nutrients can alter the functions and physiologies of three trophic 

levels, and would also allow for the extrapolation of these effects to larger organisms 

that are commercially relevant.       
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Appendix 

The carbon composition of prey and their O. marina predators were assessed 

using FTIR, a method that gives relative abundances of major macromolecules in a 

cell (Movasaghi et al, 2008).   For Fourier Transform Infrared (FTIR) analysis, 

duplicate 0.5-1 mL samples of prey samples and 1-2 mL samples of O. marina 

samples were centrifuged at 16,873 x g (Eppendorf; Hamburg, Germany) for 10 min. 

The supernatant was replaced with 0.4 M ammonium formate (NH4HCO2) in the 

same volume.  The pellet was resuspended and centrifuged again for 10 min at 14,000 

x g. The supernatant was discarded and the pellet resuspended in 0.25 mL of 0.4 M 

NH4HCO2. The solution was then pipetted onto a Si window and heated at 60°C until 

dry. The sample was scanned (Shimadzu; Kyoto, Japan) from 4000 to 400 cm-1 and 

peak absorbances for lipid (2800), protein (1600), and carbohydrate (1400) were 

recorded [Stahfest et al, 2005].   

Carbohydrate:protein (Ca:Pr) and lipid:carbohydrate (L:Ca) were similar 

between all prey treatments. However, lipid:protein (L:Pr) varied between prey 

treatments.  In D. tertiolecta, L:Pr was higher in faster growing cells, but in T. 

pseudonana, the ratio was higher in slower growing cells (Table A1). These 

properties are in agreement with previous reports for these algal species in response 

to nutrient limitation (Table A1, Sackett et al 2015, Liu et al 2013).  O. marina 

carbon composition followed the trends of their prey for Ca:Pr and L:Ca but not for 

L:Pr (Table A1).  O. marina L:Pr were close to 45% higher when fed slow growing 

prey (either D tertiolecta or T. pseudonana) than when they are fed the fast growing 

prey (Table A1). 
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These results were confounded by the centrifugation step within the protocol.  

Centrifugation increases the chances of cell bursting causing inaccurate accounting of 

cell structural components. We expect that cell lysis was of particular consequence in 

D. tertiolecta and O. marina. Previous experience shows that the diatoms are not 

susceptible to lysis by centrifugation. Thus, there are large errors associated with 

these data.  

 

Prey 

 

N 
limited 
Specific 
growth 

rate (d-1) 

Ca:Pr L:Ca L:Pr 

 

Prey 

 

O. marina 

 

Prey 

 

O. marina 

 

Prey 

 

O. marina 

D. tertiolecta 0.2 1.0 (0.2) 0.7 (0.1) 0.9 (0.5) 1.3 (0.2) 0.7 (0.2) 0.7 (0.1) 

D. tertiolecta 1.2 0.8 (0.2) 0.6 (0.1) 1.1 (0.5) 1.4 (0.4) 0.9 (0.3) 0.5 (0.1) 

T. pseudonana 0.2 0.9 (0.1) 0.8 (0.1) 1.1 (0.2) 1.2 (0.2) 1.3 (0.6) 0.9 (0.1) 

T. pseudonana 1.2 0.9 (0.1) 0.6 (0.1) 1.1 (0.2) 1.1 (0.1) 0.9 (0.2) 0.6 (0.1) 

 

 

 

 

 

 

 

Table A1.  Carbohydrate (Ca), Lipid (L), and Protein (Pr) ratios and associated standard deviations in 
parentheses. 
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