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 To fully understand the processes that influence planktonic organisms and the 

role they play in the marine environment requires knowledge of the rates that underlie 

the properties often measured.  To gain this greater understanding, my dissertation 

focuses on measuring and modeling size-specific rates of planktonic communities.  

To estimate size-dependent rates under natural conditions, I developed a technique, the 

size-dependent dilution method, to measure in situ size-specific growth and grazing 

rates of phytoplankton.  I also devised a method to estimate the standard deviation 



xxi 

associated with these rates.  Knowledge of the cell abundance can be used to calculate 

the error associated with a rate measurement and subsequently guide sampling 

volumes and protocols.   

Using a synthesis of literature data, I determined the size-dependent patterns of 

several planktonic rates and properties.  Implementing these size-dependencies in a 

size-structured ecosystem model reproduced several properties observed in the natural 

world, including the nearly immediate response of the planktonic community to 

additions of nutrients and an increase in biomass with increasing nutrients.   

This size-structured ecosystem model and two additional, increasing complex 

versions were used to test the accuracy of the size-dependent dilution method.  The 

technique was able to accurately retrieve the known model rates in each of these 

simulated environments.  The accuracy of the size-dependent dilution method was 

found to be sensitive to changes in the size-dependent patterns, as opposed to the 

magnitude, of the parameterized model rates.  

Lastly, I applied the size-dependent dilution method to field data collected in 

the eastern Pacific.  There were not distinct size-dependent trends in growth and 

grazing rates, contrary to much prevailing theory.  The average grazing rate correlated 

positively with temperature, and the average growth rate varied inversely with 

nitracline depth.  The areas that were most nutrient stressed had lower growth rates for 

the larger organisms.  

The results from this dissertation research can be used to determine how 

fundamental biological rates vary among different size organisms in their natural 

environment.  Such information is critical to understand what properties affect 
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planktonic community structure and to parameterize models to accurately predict the 

reaction of planktonic communities to a changing climatic environment.    
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Chapter 1. 

Introduction 

 Phytoplankton are important components of marine ecosystems and the Earth as a 

whole.  These organisms form the base of the food web (Azam et al. 1983, Fenchel 

1988), sequester carbon in the ocean, influence the Earth’s climate (Falkowski 2012), and 

are responsible for nearly half of the Earth’s primary production (Field et al. 1998).  

Despite their importance, phytoplankton are difficult to study, especially in their natural 

environment, due to their microscopic size, constant movement with their fluid 

environment, and extreme diversity.   

 Given the challenges of studying these organisms, researchers have developed a 

variety of methods for examining the abundance and community structure of 

phytoplankton.  However, because there are an infinite number of ways to arrive at a 

given assemblage and biomass concentration, it is important to determine the underlying 

rates and mechanisms that lead to phytoplankton community structures.  One particularly 

useful tool for examining the rates and processes that lead to state variables of interest, 

such as carbon biomass and nutrient concentrations, is with planktonic models.  To 

constrain such models to reproduce phytoplankton dynamics and community structure 

with reasonable accuracy, rate measurements must be made for planktonic populations, 

ideally in their natural environment.   

 In this introduction, I provide a brief overview of a variety of methods used for 

describing and examining plankton communities.  I then provide brief descriptions of 

different types of planktonic models and address means of measuring planktonic rates.  A 

particularly useful framework for describing all three of these components – 
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phytoplankton communities, models, and rates – is with size.  This trait is given 

particular focus in the descriptions below to motivate the subsequent chapters, which are 

outlined at the end of this introduction.   

 

Planktonic community descriptions 

Taxonomic composition and diversity 

When describing a community, a natural first step is to examine its taxonomic 

composition.  Taxa are often classified by morphological observations.  However, cryptic 

and/or microscopic organisms are difficult if not impossible to identify visually.  With the 

advancement of molecular genetic techniques, organisms can now be genetically 

identified to species or clonal level (de Vargas et al. 1999, Rocap et al. 2003, Estrada et 

al. 2004, Amato et al. 2007).    

Taxonomic data can be useful both for qualitative descriptions of communities 

and for quantitative assessments of community diversity (Pielou 1966).  Diversity can be 

measured in terms of total taxa number, dominance, and evenness (Lloyd and Ghelardi 

1964, Whittaker 1965).  For example, based on seasonal changes of dominant 

phytoplankton with biomass comprising at least 10% of the total community in Lake 

Volvi in Greece, Moustaka-Gouni (1993) found that diversity was positively correlated 

with external disturbances.   

Diversity can also be categorized as alpha, beta, and gamma diversity (Whittaker 

1972).  Gamma diversity is the overall diversity of a region.  Beta diversity is the 

diversity among subregions, and alpha diversity is the diversity within subregions.  For 

example, among lakes in the floodplains of Brazil, Nabout et al. (2007) observed that all 
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of these metrics varied with season and latitude.  Muylaert et al. (2009) also examined 

phytoplankton diversity along an estuarine salinity gradient, finding, surprisingly, that 

alpha diversity did not reach a minimum at the point of largest salinity change.  The 

higher than expected diversity in this variable region was due to contributions of 

organisms from both freshwater and marine waters.  However, beta diversity was highest 

at the location of highest salinity change, emphasizing the importance of beta diversity 

rather than alpha diversity in gradient regions.   

While diversity is an indication of the breadth of adaptations that organisms have 

made to fill specific niches, diversity metrics give no indication as to the nature of those 

adaptations.  Thus, both diversity metrics and taxonomic descriptions must be coupled 

with information on organism function to understand their role in the ecosystem.   

 

Functional groups 

Broadly speaking, functional groups are associations of organisms with similar 

adaptations to certain environmental conditions (Margalef 1978).  These adaptations can 

be based on any number of properties (e.g., uptake of a specific nutrient, affinity for 

certain light levels) and are independent of phylogeny.  For example, Reynolds et al. 

(2002) expanded upon earlier work (Reynolds 1980) to classify freshwater phytoplankton 

into 31 associations based on their shared morphological and physiological adaptations to 

light, nutrients, grazing, stratification, and water quality conditions.  Padisak et al. (2009) 

reviewed these classifications and proposed the addition of new functional types.   

Functional groups have been used, for instance, to examine harmful algal blooms 

in the Mediterranean (Vila and Maso 2005).  When organisms were classified based on 
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their habitat preferences, general taxonomic groups, trophic states, and toxins produced, 

harmful bloom species were found scattered throughout each functional group. 

It is both an advantage and disadvantage of this classification system that the 

characteristics defining a functional group are broad and flexible.  The role that 

organisms play in ecosystems can be represented succinctly in broad categories.  

However, determining which functional groups to include and/or which organisms 

belong to particular groups can be vague and study-specific.  For all classifications, 

particularly standardized ones, detailed information on the organisms’ adaptations to an 

ecosystem must be known.   

 

Food web 

Another method of community classification, arguably a specific form of 

functional grouping, is based on food webs.  Here, organisms are described in terms of 

their feeding strategies or how they get their energy.  For example, zooplankton might be 

categorized as passive or active ambush predators, cruise feeders, or feeding current 

feeders, depending on their feeding mechanism (Kiorboe 2011).  Likewise, autotrophic 

plankton can be classified photoautotrophs if their energy comes from the sun or 

chemoautotrophs if their energy comes from chemical sources.  Organisms can also be 

described by their trophic guild (Mintenbeck et al. 2007), which, strictly speaking, 

encompasses both feeding strategy and energy resource (Simberloff and Dayan 1991).  

A specific form of food-web-based characterization is trophic level designations 

(e.g. primary producers, primary consumers, etc.).  Given the complexity of food webs, 

however, these distinctions are not always clear.  For example, many taxa of 



! 5 

dinoflagellates are mixotrophic rather than strictly autotrophic (Stoecker 1999, Jeong et 

al. 2005), making them both producers and consumers.  Furthermore, many consumers 

eat a variety of prey items and the delineation between predators and prey is not always 

clear.  Isaacs (1972, 1973) described such complex food webs as “unstructured,” with 

numerous conversions of food material and energy among their constituent organisms 

and associated detritus.  Link (2002) used extensive field data to show that the organisms 

in a coastal continental shelf food web were highly linked (ate one another) and 

interconnected (many linkages among species).  Many organisms showed cannibalism, 

omnivory, generalist predation/grazing, and cyclic behavior (organism A ate organism B, 

and vice versa).   

Stable isotopic techniques can help decipher to which trophic level organisms 

belong in these complex food webs (Kling et al. 1992).   However, the results of these 

techniques can be difficult to interpret in terms of specific predator-prey interactions 

(McClelland and Montoya 2002).   

 

Size 

Communities can also be described based on organism size.   This form of 

description can be based on distinct, standard size classes.  Sieburth et al. (1978) 

described several size classes of plankton, spanning roughly an order of magnitude each 

in terms of their linear dimensions.  Size distributions are another way to look at 

community structure.  These distributions may be made up of the broader size classes of 

Sieburth et al. (Sabetta et al. 2008) or of many smaller size intervals (Sheldon et al. 1972, 



! 6 

Gaedke et al. 2004).  Such distributions can also be described without the arbitrary 

specification of size classes (Cavender-Bares et al. 2001, Schartau et al. 2010).    

While size-based approaches lack detailed taxonomic and ecosystem function 

information, they also have many advantages.  At a fundamental level, size is an 

important characteristic in the evolution of planktonic species and likely plays a role in 

the formation of their current niches (Finkel et al. 2007, Verdy et al. 2009).   

Furthermore, many of the characteristics singled out in the previous methods of 

classification are related to organism size.  For instance, what organisms are able to 

consume, especially in the marine environment, is largely based on the sizes of predators 

and prey (Hansen et al. 1994).  Size also affects how different taxa interact with their 

environment (Monger and Landry 1990).  

Size also plays a part in biogeochemical fluxes.  The rate at which particles and 

organisms sink, which dictates how long they are in the water column and the depth to 

which they fall, is, at least in part, based on size (Moloney and Field 1991).  Lastly, many 

biological rates, such as growth and grazing, scale with size (see the Rate measurements 

section below; Fenchel 1974, Tang 1995, Hansen et al. 1997).   

 

Planktonic models 

Just as there are a variety of ways to describe a community, there are also many 

strategies used to model them.  Here, I will briefly go through different types of models 

used to simulate planktonic communities.  While the different model frameworks have 

been subdivided, they are not mutually exclusive (e.g., Follows et al. 2007, Poulin and 

Franks 2010).     
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Nutrient-phytoplankton-zooplankton models 

The nutrient-phytoplankton-zooplankton (NPZ) model is one common approach 

to model planktonic communities.  This model, by definition, simulates the three state 

variables for which it is named. Typically, phytoplankton dynamics are represented by 

growth, grazing, and general loss functions.  Zooplankton biomass changes are due to 

grazing and general loss.  Finally, changes in nitrogen are controlled by the dynamics of 

the other state variables.  

Among the first researchers to examine the rate of change of planktonic biomass 

was Fleming (1939).  He provided a mathematical equation that describes the change in 

phytoplankton biomass due to phytoplankton growth, grazing loss, and an increase in 

grazing.  Building off his work, Riley and Bumpus (1946) further describe 

phytoplankton-zooplankton interactions in another early contribution to NPZ models.  

The intricate interaction of phytoplankton with different types of nutrients, and the 

interplay between phytoplankton, zooplankton, nutrients, as well as many other factors 

(light, turbulence, etc.), were described even earlier (Riley 1941a, Riley 1941b).  

Elaborations on these seminal works (Franks et al. 1986, Franks 2002) provide a 

mathematical framework for all state variables with a form that is generally similar to the 

equations used in subsequent chapters.   

The simplicity of this type of model may appear initially to be a disadvantage, as 

much of the rich diversity and dynamics governing natural planktonic communities is 

aggregated or neglected.  For instance, autotrophic bacteria and diatoms are governed by 

the same equations, and all zooplankton have the same grazing functional form.  
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However, the sparseness of the model may actually be an advantage.  Franks et al. (1986) 

highlighted that model simplicity can lead to a better understanding of the model 

dynamics, making it easier to couple a biological model with a physical one.  Franks 

(2002) further defended the NPZ model as a useful preliminary hypothesis.  The model 

can be rejected as inadequate only after it has been thoroughly investigated.    

Despite advocacy for simplicity, basic NPZ models have broadly been modified 

to increase complexity.  Parker (1975) expanded upon a phytoplankton-nutrient model to 

include, among other things, a grazer and an ‘organic intermediate’ or detritus.  Sjoberg 

(1977) examined this four-component NPZD model in more detail, finding that adding a 

recycling pathway helped stabilize the model, particularly when nutrients were limited.  

Edwards (2001) also examined the effect of adding detritus, finding no noticeable change 

in the model dynamics in the absence of zooplankton ingestion of detritus.  

 

Functional type models 

 In functional type models, plankton are classified based on functional groups, 

which were defined above as groups of organisms with adaptations suited for specific 

environmental conditions.  The number of functional groups in these models is generally 

ten or less (Moore et al. 2002, Hood et al. 2004, Le Quere et al. 2005, Gregg and Casey 

2007, Zhao et al. 2008).  These models are a good compromise between trying to 

simulate all taxa in an ecosystem and aggregating all organisms into one group.  This 

compromise makes functional groups well suited for large-scale models.  Functional type 

models are also useful in biogeochemical studies where functional groups are linked to 

specific chemical processes.   
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 Moore et al. (2002) developed broad-scale functional groups in a global 

ecosystem model, including three types of phytoplankton (diazotrophs, diatoms, and 

small phytoplankton).  Calcifying phytoplankton were also included among the small 

phytoplankton group.  All autotrophs were grazed upon by one type of zooplankton.  

Despite the seeming simplicity of the model, their estimates for regional and seasonal 

changes in plankton biomass, chlorophyll, and primary production correlated well with 

their (sometimes limited) field data at nine stations around the globe.  Most importantly, 

phytoplankton blooms appeared or failed to appear in different regions in correspondence 

with measured data, and these phytoplankton dynamics were found to occur for the 

accepted logical reasons, such as iron limitation in high nutrient-low chlorophyll regions.  

However, there were also discrepancies between the model output and field data, such as 

the underestimate of diatoms during blooms in the Southern Ocean and low estimates of 

primary production and biomass in the equatorial Pacific.   

 Global scale functional group models have also been used by Gregg and Casey 

(2007), who specifically focused on the global distribution and dynamics of 

coccolithophores. In addition to these calcifiers, the model included functional groups of 

small eukaryotic phytoplankton, diatoms, and cyanobacteria.  Modeled phytoplankton 

distributions were within 20% of observed values.  Model results for coccolithophores in 

the North Atlantic showed particularly good agreement with field data.  As with the 

Moore et al. (2002) model, however, discrepancies were also apparent in the Gregg and 

Casey (2007) model.  For example, their model failed to recreate the distribution of 

coccolithophores in the North Pacific during summer and overestimated coccolithophores 

in the Equatorial Pacific.  
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 Despite the appeal of including a manageable amount of diversity, there are also 

disadvantages to using functional group models, some of which are highlighted by 

Anderson (2005) and described in more detail by Hood et al. (2006).  For example, there 

is uncertainty as to how to parameterize functions for a diverse set of organisms and even 

uncertainty as to the ecological properties of these groups.  In addition, functional groups 

are often modeled after only one member (e.g. Trichodesmium for diazotrophs and 

Emiliania huxleyi for coccolithophores) even when other examples are known.  

Furthermore, the field and laboratory data necessary to parameterize and evaluate such 

models are limited.  However, it can be argued that many of these issues plague all types 

of models. 

  

Diversity models 

 Trait-based diversity models, in contrast to functional group models, leave open 

the possibility that a large number of plankton (on the order of tens to hundreds) can 

coexist.  Physiological and environmental constraints then limit which organisms survive 

in specific environments.  The resulting number of taxa in each environment is fewer 

than initially allowed.  A popular type of trait-based diversity model is the ‘Darwin’ 

model of Follows et al. (2007).  In this model, 78 types of phytoplankton are described by 

various combinations of physiological preferences for light, temperature, and nutrients.  

When seeded into a model coupled with physical and chemical variables, specific types 

of phytoplankton emerge as the dominant forms in different regions of the ocean.   These 

emergent types of phytoplankton often agree in a general sense with what is seen in 

nature.  For example, subpolar upwelling regions were dominated by large phytoplankton 
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with high growth rates, while tropical and subtropical areas had high abundances of 

Prochlorococcus ecotypes.   

 Another example of a diversity model is the system of infinite diversity (SID) 

model (Bruggeman and Kooijman 2007).  In an SID model, there are three main 

requirements.  First, each species is differentiated by parameter values rather than the 

structure (e.g., different functional forms for nutrient uptake) with which it is modeled.  

Second, each trait is modeled by a distribution.  The initial shapes of the distributions 

influence the traits that end up surviving.  Third, all species are continuously added to the 

system in limited amounts, providing the chance for new species to enter the system.  

Tradeoffs, such as harvesting biomass for nutrient acquisition versus biomass for growth, 

are built into the model as influences on the survival of organisms.  This type of model 

has been successful in recreating such natural phenomena as the deep chlorophyll 

maximum and seasonal succession patterns.   

Diversity models are useful because the parameterization is reduced relative to the 

number of species included.  Furthermore, the emergent organisms are often robust, and 

their persistence or extinction is due to their fitness (Follows and Dutkiewicz 2011).  

Nonetheless, despite the advantages of allowing a model to “naturally” select for species, 

there are limitations.  Diversity models are computationally expensive, and the level of 

diversity necessary to represent a community accurately is not always clear.  Therefore, 

much of the computational expense may be unnecessary.  Finally, great care must be 

taken to define the tradeoffs that underlie the model structure.  

 

Size-structured models 
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The size-structured model is an additional style of model that makes only broad 

distinctions among plankton, such as those between consumers and producers.  Beyond 

that, different types of plankton are modeled based on their size.  Differences among size 

classes arise from rates used to describe their dynamics, many of which are size-

dependent.  The exact form of the size-dependency depends on which processes are being 

modeled.  (See Size dependencies of rates below.)  

Classic size-structured models were developed in the 1970s (Kerr 1974, Platt and 

Denman 1977, Steele and Frost 1977, Platt and Denman 1978).  In the model of Steele 

and Frost (1977), community structure was examined using interactions among nutrients, 

phytoplankton, herbivores, and carnivores.  Most of the rates describing those groups 

were size-dependent, such as nutrient uptake by phytoplankton, zooplankton prey 

preferences, energy expenditure, and respiration.  Some rates, however, were size-

independent, such as photosynthetic rate and predation on herbivores.  Using this model, 

Steele and Frost (1977) found that both top-down and bottom up forces were important 

for changing the size structure of the herbivore community and that the size structure of 

each trophic community level influenced model dynamics more than total trophic level 

biomass.   

 Another early form of size-structured model focused on the flow of energy or 

biomass among size classes, with little distinction between trophic level.  Platt and 

Denman (1977, 1978) modeled biomass flow in a generic system by simulating size-

dependent losses through metabolism and detritus.  They compared their results with data 

from the Sargasso Sea and found a rough agreement between observations and model 

estimates.   
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 Since these seminal studies, size-dependent models have continued to be 

developed and improved.  Subsequent models have, for example, increased in complexity 

to incorporate more size-dependent processes (e.g., Moloney and Field 1991, Stock et al. 

2008), been simplified to expand understanding of size-dependent dynamics (e.g., 

Armstrong 1994, Finkel and Irwin 2000), or been combined with other model types to 

increase size resolution of the modeled community (e.g., Poulin and Franks 2010).   

 Moloney and Field (1991) used several different size-dependent processes in their 

ecosystem model.  These included, among other things, growth, sinking, respiration, 

nutrient uptake, grazing, and excretion.  Furthermore, their model also included the flow 

of both nitrogen and carbon through different size classes and trophic levels.  They 

modeled a general ecosystem, rather than one catered to a specific region or data set, to 

examine fundamental planktonic dynamics.  They found that the model parameterization, 

carbon conversions, and initial conditions all had very important effects on the model 

output.   

The variety of size-dependent models that have been developed indicates their 

flexibility and utility, despite their lack of taxonomic information.  That is, while all such 

models have some form of size-dependent rates and population structure, they vary, 

depending on the aim of the researchers, in which properties are explicitly included and 

which are size dependent.  

 

Rate measurements 

Size dependencies of rates 
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One of the main reasons size-dependent models are used so widely is because of 

the relative ease of their parameterizations.  The variation of rates with size is often 

described by the functional form A=csb, where A is the rate of interest, s is a measure of 

size, c is the scaling coefficient, and b is the scaling exponent.  In size-structured models, 

all taxa can all be described using two parameters, c and b, instead of designating a 

specific rate for each species or functional group.  The assignment of size-dependent rates 

to a group of organisms, however, does assume that the sizes of the organisms are known, 

that the taxa are within the domain of s, and (obviously) that the organisms adequately 

adhere to the size-dependent relationship.   

To that end, many studies have compiled data to quantify the size-dependent 

relationships and coefficients.  Compilations of size-dependent rates include respiration 

(Fenchel and Finlay 1983, Tang and Peters 1995), growth (Fenchel 1974, Tang 1995, 

Hansen et al. 1997), grazing (Hansen et al. 1997), nutrient uptake (Eppley et al. 1969), 

metabolism (Gillooly et al. 2001), and sinking (Moloney and Field 1991).  Some studies 

do show, however, that these size dependencies may be weak and/or variable among 

taxonomic groups (Falkowski and Owens 1978, Banse 1982, Chisholm 1992). 

 

The dilution method 

Two of the most fundamental rates affecting planktonic communities are growth 

and grazing, which has lead to the development of many different ways to measure them.  

Some of these techniques include radiolabeling, (Redalje and Laws 1981, Lessard and 

Swift 1985), cell counts through time (Ammerman et al. 1984), analyses and observations 

of the cell cycle (Swift and Durbin 1972, Hagstrom et al. 1979, McDuff and Chisholm 
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1982, Vaulot 1992), pigment analyses (Soohoo and Kiefer 1982), and others (Gifford 

1988, Landry 1994).   

One of the most common methods currently used for estimating growth and 

grazing rates of in situ planktonic communities is the dilution method (Landry and 

Hassett 1982).  For this technique, natural water samples are diluted with filtered water to 

decrease the encounter rate between herbivores and phytoplankton without affecting the 

rate of phytoplankton growth, allowing grazing and growth rates to be resolved.  The 

method assumes that the phytoplankton growth rate µ is not affected by the concentration 

of other organisms, that the grazing rate g changes linearly with encounter rate, and that 

phytoplankton grow exponentially according to the equation 

 

Pt=P0e(µ-dg)      (1) 

 

where P0 is the initial phytoplankton density, Pt is the density at time t, and d is the 

fraction of unfiltered seawater in natural seawater.  By using a range of dilution factors 

and transforming the equation into its linear form 

 

1/t ln(Pt/P0)=µ-dg       (2), 

 

the grazing rate g can be calculated from the slope of a line fit to the data points plotted 

as a function of dilution, d, and the growth rate µ from the intercept.  

 There are many advantages to using the dilution method.  While it can be applied 

to laboratory samples, the dilution method is better suited to field-based studies where the 
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assemblage of predators and prey cannot be easily controlled.  Furthermore, estimates of 

both growth and grazing rates are simultaneously obtained.  The relative ease and 

usefulness of conducting the experiment have led to its widespread use.  Such extensive 

application of a standardized technique allows comparisons among regions (Calbet and 

Landry 2004).  Furthermore, while the standard technique measures bulk community 

rates, alterations in sample processing, such as analysis of high performance liquid 

chromatography samples instead of just chlorophyll (e.g., Selph et al. 2011), allows for 

taxon or group-specific insight into these rates.     

 

Study regions 

 Of the many regions where the dilution method has been carried out, three are of 

particular interest here:  the equatorial Pacific, the California Current Ecosystem, and the 

Costa Rica Dome.  All three are upwelling regions; however, each has very different 

physical and chemical properties and environmental gradients.  Their contrasting 

environmental conditions provide foundations for different communities and dynamics.  

 

Equatorial Pacific 

The equatorial Pacific is a tropical area in the central Pacific Ocean, with active 

upwelling along the equator that brings deeper, nutrient-rich water to the surface.  The 

equatorial Pacific is considered a major high-nutrient low-chlorophyll (HNLC) region 

(Barber et al. 1996).  The low pigment concentrations, despite the high macronutrient 

concentrations, are due to the limited amounts of the micronutrient iron (Coale et al. 

1996).  However, microzooplankton grazing is also an important mechanism controlling 
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planktonic populations (Landry et al. 1997), and particularly the size response of the 

community to increased availability of iron (Landry et al. 2000).  

 

California Current Ecosystem (CCE) 

The California Current Ecosystem (CCE) off the coast of the western United 

States and Baja California is part of the eastern boundary current formed from the eastern 

portion of the anticyclonic North Pacific Subtropical Gyre (Lynn and Simpson 1987).  

This region is a coastal upwelling area, due to the alongshore winds which reach their 

maximum during the spring and summer (Hickey 1979).  The winds force surface waters 

away from the coast, leading to a replenishment of nutrient-rich waters from depth 

(Sverdrup, 1938).  Nutrients also enter the system through a spatial gradient in winds, 

called wind-stress curl, which moves deep water toward the surface at a slower rate but 

over a much wider area than coastal upwelling (Rykaczewski and Checkley 2008).  

 

Costa Rica Dome (CRD) 

The Costa Rica Dome (CRD) is an upwelling area in the eastern tropical Pacific 

with a mean location of about 9°N, 90°W (Fiedler 2002).  Originally described as being 

caused by the currents in the eastern tropical Pacific (Wyrtki 1964), it has since been 

shown to originate from local wind stress curl (Hofmann et al. 1981, Fiedler 2002) or 

more distant tradewinds coming together at the intertropical convergence zone (Umatani 

and Yamagata 1991).  The resulting upwelling brings deep, low oxygen, high-nutrient 

water near the surface (Broenkow 1965).  The amount of upwelling and location of the 

dome show season variability, with the thermocline initially shoaling near the coast in 
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February through April before moving offshore and deepening later in the year (Fiedler 

2002).   

 

Work needed in size-dependent research 

 As discussed above, while both growth and grazing rates have been shown to 

scale with size, there are some discrepancies regarding the strength and exact scaling of 

the relationships.  With the discovery of new organisms and better identification of 

feeding strategies (i.e. mixotrophy among dinoflagellates), these size-dependent 

relationships may change.  Furthermore, the vast majority of rate measurements have 

been based on laboratory studies (e.g., Eccleston-Parry and Leadbeater 1994, Schmoker 

et al. 2011), compilations of laboratory studies (e.g., Fenchel 1974, Banse 1976), or 

theory (e.g., Poulin and Franks 2010).  Very few studies have measured size-dependent 

rates for natural communities.   

 

Dissertation goals 

Given the complexity of planktonic communities, we need methods to understand 

what structures these communities.  To this end, models are useful tools, but they are 

only useful when we understand the dynamics that go into them.  Therefore, we need 

accurate rate measurements to parameterize models.  Because of the previously 

mentioned benefits, I have chosen a size-based approach for examining rates.  Earlier 

studies that have both supported and rejected size-based patterns have included limited or 

no field data.  Therefore, my dissertation research helps increase the scant knowledge of 

planktonic rates among natural assemblages.    
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In Chapter 2, I describe a technique, based on the dilution method, to measure 

size-dependent growth and grazing rates.  I also derive error estimates associated with 

these rate measurements and apply both the size-dependent dilution method and the error 

estimate technique to field data from the equatorial Pacific.   

In Chapter 3, I use literature-based data to describe the size-dependencies of 

seven processes: maximum phytoplankton and microzooplankton growth rate, half 

saturation constants for nutrient uptake and grazing, phytoplankton and 

microzooplankton loss rates, and microzooplankton gross growth efficiency.  I use these 

size-dependent rates to parameterize a size-specific NPZ model, examine the stability of 

the model, and follow its dynamics following a nutrient pulse perturbation.   

Chapter 4 tests the method proposed in Chapter 2 for estimating size-dependent 

growth and grazing rates.  Using the modified size-specific NPZ model (Chapter 3) and 

two variations of this model, known model rates are compared with those estimated from 

simulated dilution experiments.  I also perform a sensitivity analysis to identify the model 

parameters that most affect the ability to retrieve accurate size-dependent rates from the 

simulated dilution experiment.   

Chapter 5 is an application of the size-dependent dilution method to field data 

collected in three regions of the Pacific: the equatorial Pacific, the Costa Rica Dome, and 

the California Current Ecosystem.  I compare rates within the mixed layer along 

environmental gradients within each region as well as the rates among regions.   

Chapter 6 summarizes the main conclusions of each of my data chapters.  It 

synthesizes the work from each preceding chapters and highlights future areas of research.  
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Chapter 2. 1!

Estimating size-dependent growth and grazing rates and their associated 2!

errors using the dilution method 3!

 4!

Abstract 5!

Size-dependent properties are pervasive in nature but difficult to measure for natural 6!

communities.  Here, we develop a technique to estimate size-specific phytoplankton growth 7!

and grazing rates based on the two-point dilution method, enhanced by the acquisition of the 8!

size spectra of the phytoplankton in the samples.  We describe a way to estimate standard 9!

deviations associated with the rate estimates, which can be applied either to the size- 10!

dependent or total community rates.  We tested the accuracy of rates estimated using the size- 11!

dependent dilution method by applying it to dilution experiments simulated using a complex 12!

size-structured ecosystem model.  The strong agreement between model and size-dependent 13!

dilution method rates (two-sample Kolmogorov-Smirnov test, p=1) supports the accuracy of 14!

this new technique.  Because size-dependent rates vary with the size interval over which they 15!

are calculated, we display the size-dependent growth and grazing rates and their standard 16!

deviations as a function of the size interval. This technique easily allows the assessment of 17!

rates for any size class of interest.  Finally, we apply the size-dependent dilution method to 18!

data collected in the equatorial Pacific.  There is a general agreement between size-based and 19!

previously published taxonomic-based rates, with differences reflecting the extent to which 20!

size classes are mixtures of taxa.  The use of the size-dependent dilution method will provide 21!

new insights into the structure and dynamics of planktonic communities.  Future applications 22!
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of this method to other natural communities will help in assessing the size-dependencies of 23!

phytoplankton growth and grazing rates in their environments.  24!

 25!

Introduction 26!

Organism size plays a major role in structuring planktonic communities (Chisholm 27!
1992; Ichinokawa and Takahashi 2006), in determining pathways of flows in marine food 28!
webs (Ryther 1969; Hansen et al. 1994), and in regulating rates of biogeochemical fluxes 29!
and carbon sequestration (Legendre and Rassoulzadegan 1996).  Size also influences how 30!
planktonic organisms relate to their hydrodynamic environment (Koehl and Strickler 1981; 31!
Monger and Landry 1990), as well as how they partition nutrients (Eppley et al. 1969; 32!
Moloney and Field 1989), growth (Schlesinger et al. 1981; Tang 1995; Nielsen 2006), 33!
respiratory losses (Banse 1976; Tang and Peters 1995), and other metabolic processes 34!
(Joint and Pomroy 1988; Joint 1991; Gillooly et al. 2001) among the coinhabitants and 35!
potential competitors in a given environment.  An understanding of size-specific processes 36!
is, therefore, important for understanding planktonic ecosystem dynamics. 37!

Measurements of growth and grazing rates are central to understanding plankton 38!
community dynamics.  Despite their significance, accurate determinations of such rates in 39!
general, and size-dependent rates in particular, are difficult.  Size-specific estimates of 40!
growth and grazing rates have come from laboratory experiments with limited species 41!
(Capriulo and Ninivaggi 1982; Monger and Landry 1991; Neuer and Cowles 1995), from 42!
syntheses of many such studies (Banse 1976; Hansen et al. 1997), or from theory 43!
(Moloney and Field 1989, 1991; Armstrong 1994; Poulin and Franks 2010).  However, 44!
very few size-resolved rate data for growth or grazing have been acquired for natural 45!
assemblages (but see Marañón 2008).  46!



! 33 

Here, we introduce a method to estimate size-dependent growth and grazing rates 47!
that is built upon the two-point dilution technique.  This size-dependent dilution method 48!
requires counting and sizing of phytoplankton and can be implemented using laboratory or 49!
natural samples.  Because cell counting and sizing by microscopy is often labor-intensive, 50!
the numbers of cells enumerated are often low, leading to potentially significant statistical 51!
errors in rate estimates.  Therefore, we introduce a method for calculating the standard 52!
deviations of individual size-dependent rate estimates, which can also be applied to 53!
community-level rates.  We assess the efficacy of the size-dependent dilution method by 54!
simulating dilution experiments with a complex, nonlinear size-structured nutrient- 55!
phytoplankton-zooplankton (NPZ) model and comparing the known model rates with 56!
those estimated by the method.  Finally, we apply the size-dependent method to field data 57!
collected from the equatorial Pacific.  58!

 59!

Materials and Procedures 60!

Size-dependent dilution method 61!

Dilution is a commonly used experimental technique to measure bulk, community- 62!
averaged rates of phytoplankton growth (µ, d-1) and microzooplankton grazing mortality 63!
on phytoplankton (g, d-1) by altering the encounter rates of grazers and prey (Landry and 64!
Hassett 1982).  Biomass-specific rates of microzooplankton grazing and phytoplankton 65!
growth are assumed to be constant and unaffected by dilution.  Thus, the logarithm of the 66!
measured net rate of phytoplankton growth over an incubation period (t, usually 1 day) 67!
should vary linearly with the dilution effect (d, the fraction of unfiltered seawater) on 68!
grazer biomass: 69!

net growth rate 

€ 

=
1
t
ln Pt

P0

" 

# 
$ 

% 

& 
' = µ − dg    (1) 70!
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where P0 and Pt are initial and final concentrations of phytoplankton, respectively.  The 71!
traditional dilution experiment involves several treatments with different fractions of 72!
unfiltered seawater (i.e., several values of d), allowing equation (1) to be solved by 73!
regressing the net growth rate against d and finding µ (y-intercept) and g (negative slope).  74!
However, where it can be reasonably assumed or tested that linearity exists (Landry et al. 75!
1995; 2011b), the experimental design can be streamlined to two treatments – the natural, 76!
undiluted seawater sample and a single diluted treatment – and solved algebraically for the 77!
two unknowns (Landry et al. 1984; 2011b).  Adopting subscript designations such that P0 78!
and Pt are initial and final concentrations of phytoplankton for the undiluted treatment and 79!
P0,d and Pt,d are corresponding variables for the diluted treatment, growth and grazing rates 80!
are computed as follows: 81!

           (2) 82!

 83!

           (3). 84!

To apply the dilution approach to generating size-dependent rate data, size 85!
measurements of individual phytoplankton cells must be integrated into the experimental 86!
analysis.  Microscopes, flow cytometers (Ackleson and Spinrad 1988), Coulter counters 87!
(Sheldon and Parsons 1967), and FlowCAMs (Sieracki et al. 1998) are all possible 88!
instruments for producing such data.  Their strengths and weaknesses are discussed below 89!
(see Discussion).  Once the cell sizes in each diluted and undiluted treatment at each time 90!
point are determined, the range of cell sizes can be split into discrete size classes and the 91!
abundances of cells in each size interval determined.  The application of equation (1) to 92!
each of those size intervals can be used to calculate the size-dependent net growth rate for 93!
a given size class.  That is,  94!
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  net growth rate for size class i = 

€ 

1
t
ln

Pt,i
P0,i

" 

# 
$ 

% 

& 
' = µi − dgi   (4) 95!

where i = 1, 2, …, n for n size classes, P0,i and Pt,i are initial and final phytoplankton 96!
concentrations (cells mL-1) for size class i, and µi and gi are the growth and grazing rates, 97!
respectively, for size class i.  When multiple dilution treatments are used, a linear 98!
regression can be used to calculate µi and gi.  For two treatments, the size-dependent 99!
growth and grazing rates can be estimated by applying equations (2, 3) to each size class, 100!
namely 101!

         (5) 102!

  103!

           (6) 104!

 where Pt,d,i and P0,d,i are, respectively, the initial and final diluted treatments for size class 105!
i. 106!

Standard deviation for rate estimates 107!

For typical dilution experiments (multi-treatment or two-point), growth and 108!
grazing rates are usually estimated from chlorophyll or high-performance liquid 109!
chromatography (HPLC) pigment concentrations, which are relatively precise stock 110!
measurements.  Where individual cell counts are required, as in this method, the counting 111!
errors can be large relative to the rate estimates, depending on the counting technique used 112!
and the phytoplankton cell size spectrum.  Here, we present a method for quantifying error 113!
– the standard deviation – associated with size-dependent estimates of µ and g derived 114!
from initial and final cell counts for any two dilution treatments (equations 5 and 6).  We 115!
used only two treatments because it is analytically tractable; however, the error can be 116!
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extended to multiple treatment experiments using a variation of the error of a linear 117!
regression.  For clarity in the description below, we leave out the subscript i.   118!

As seen in equations (2, 3, 5, 6), the growth and grazing rates are calculated from 119!
the ratio of two cell counts: initial and final.  If we assume that the cell counts per unit 120!
volume can be modeled by Poisson distributions, the standard deviations for µ and g can 121!
then be estimated from the approximate standard deviations for the ratios of Poisson- 122!
distributed variables.  123!

As described by Gu et al. (2008), given two Poisson rates, ρ0 and ρ1, with 124!
associated sampling frames (space or time interval) κ0 and κ1, respectively, testing whether 125!
their ratio is 1.0 is equivalent to testing if 

€ 

ln ρ 0
ρ1( )= 0.  Using the delta method, the standard 126!

deviation of 

€ 

ln ρ 0
ρ1( )= 0 is approximately  127!

 

€ 

σ =
1

κ0ρ0
+
1
κ1ρ1

    (7).   128!

For a dilution experiment, let 

€ 

P = N
v  where N is the number of cells counted and v 129!

is the volume sampled.  Subscripts indicate the treatment to which the samples relate, such 130!
that P0 and Pt are initial and final cell concentrations for the undiluted treatment, and P0,d 131!
and Pt,d are similar counts for the diluted treatment.  The same subscript designations 132!
apply to N and v.  Assuming that P can be modeled as a Poisson distribution, v is the 133!
sampling volume, and incubation time t and fraction of unfiltered seawater d are constants, 134!
the standard deviation for!the net growth rate [see equation (1)] in the undiluted sample is  135!

  

€ 

σundiluted =
1
t

1
Ptvt

+
1
P0v0

=
1
t

1
Nt

+
1
N0

   (8)   136!

Likewise, the standard deviation for the diluted sample is 137!

              

€ 

σdiluted =
1
t

1
Nt,d

+
1
N0,d

    (9).   138!
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Using the rules for arithmetic operations on standard deviations and equations (2, 3) for 139!
calculating estimates of µ and g, the standard deviation for the growth rate σµ can be 140!
approximated as  141!

   

€ 

σµ =
1

t(1− d)
1
Nt ,d

+
1
N0,d

+ d2 1
Nt

+
1
N0

$ 
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( 
)    (10) 142!

and the standard deviation for the grazing rate σg as 143!

               

€ 

σg =
1

t(1− d)
1
Nt ,d

+
1
N0,d

+
1
Nt

+
1
N0

   (11).     144!

Equations (10, 11) can be used to calculate standard deviations for both the growth 145!

and grazing rates based on the number of cells counted in each treatment sample.  For size- 146!

based analyses, the equations can be applied to each size class separately to determine the 147!

standard deviation for the size-specific rates.  Standard deviations for total community 148!

growth and grazing rates can also be determined from equations (10, 11) by grouping all 149!

cells together.  150!

Varying the upper and lower bin edges 151!

If growth and grazing rates vary with organism size, the size-dependent rates are a 152!
function of the size interval i, which is itself defined by a lower bound p and an upper 153!
bound q, where p < q.  The calculations described above can thus be extended to account 154!
for all choices of p and q, binning the data into varying size intervals.  Using this new 155!
notation, the size-dependent growth and grazing rates can be denoted µp,q and gp,q, 156!
respectively.  Interpolation between the size bins gives size-dependent growth and grazing 157!
rates for any size interval of interest.   158!

Plotting growth and grazing rate estimates as a function of size-interval edges p 159!
and q is a compact way to represent size-dependent rates that highlights interesting size- 160!
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dependent patterns (Fig. 2.1).  For instance, diagonal lines along these graphs represent 161!
specific binnings of the data (shown in the 2-dimensional plot on the right of Fig. 2.1).  162!
Contour lines can be overlain to show values of the standard deviations of the rate 163!
estimates for any size interval.  Moving from the main diagonal towards the upper left 164!
corner corresponds to the data binned into increasingly larger size intervals until the whole 165!
community rate is reached in the upper left corner.  Because the lower bin edge p must be 166!
strictly less than the upper bin edge q, there are no values for the lower right portion of the 167!
graph. 168!

This graphing technique avoids the need to recalculate the rates for each choice of 169!
bin width.  All potential bins are accommodated, including a single bin giving the bulk 170!
community rates. 171!

 172!

Assessment 173!

Comparison of analytical and empirical rate standard deviations 174!

To test our analytical estimates of the standard deviation for the size-dependent 175!
growth and grazing rates, the results of equations (10, 11) were compared with 176!
bootstrapped standard deviations.  To perform this comparison, a size-dependent dilution 177!
experiment was simulated (without the use of the size-structured NPZ model) with µ = g = 178!
0.  That is, the mean number of cells in each size class was the same for both the initial 179!
and final samples.  The number of cells in each size class was chosen randomly with equal 180!
probability from a phytoplankton size spectrum with a slope of -1.5 and an intercept of 104 181!
cells mL-1 µm-1, with the initial and final cell counts chosen separately and independently.  182!
The diluted initial and final samples had 1/3 the cell concentration of the undiluted 183!
samples.  The initial and final diluted and undiluted treatments were randomly resampled 184!
20,000 times each.  These bootstrapped samples were then used to calculate the standard 185!
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deviations for the size-dependent growth and grazing rates (both zero) and compared with 186!
the empirical standard deviations estimated using equations (10, 11) (Fig. 2.2).  The strong 187!
agreement between the analytical and empirical estimates of the standard deviations 188!
supports the use of equations (10, 11) for providing accurate standard deviation values.  189!
The small differences between the empirical and theoretical error bounds were expected, 190!
given the random sampling that was used to calculate the bootstrap results.   191!

 The increasing spread in both the theoretical and empirical standard deviations 192!
with increasing cell size (Fig. 2.2) arises because the underlying size spectrum has a 193!
negative slope: there are fewer large cells compared to small cells, as is typical for most 194!
natural planktonic communities (Platt and Denman 1977; Sprules and Munawar 1986; 195!
Chisholm 1992).  The standard deviations given by equations (10, 11) decrease rapidly 196!
with increasing N, the number of cells in a size class (Fig. 2.3).  Thus, the binning of the 197!
cells into size classes affects the accuracy of the estimated growth and grazing rates; fewer 198!
cells in a bin give larger standard deviations and less accurate rate estimates.   199!

Given these relationships, it is worth exploring a variety of methods for choosing 200!
the size intervals.  Possibilities for dividing cells into different size classes include a linear 201!
(e.g., Sheldon et al. 1972) or logarithmic scale (e.g., Platt and Denman 1977) or taxonomic 202!
groupings (Laurion and Vincent 1998); each of these methods trades off resolution and 203!
accuracy.  Resolution is lost for larger size intervals, but rate estimates are more accurate 204!
(Fig. 2.4).  Size-dependent bin widths of data are one way to vary the cell counts used for 205!
rate estimates.  In addition, cell counts can be increased by pooling data from replicate 206!
experiments, bootstrapping samples, or collecting more data.  Different combinations of 207!
these strategies can be used to lower the rate estimate errors to desirable levels.  208!
Experiments with different dilution factors 209!
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As described above, we only compute standard deviations from equations (10, 11) 210!
using the results of two dilution treatments.  To apply the equations to a full dilution 211!
experiment with multiple treatments, therefore, a choice must be made as to which diluted 212!
treatment to use as a contrast to the natural (undiluted) sample.  The closer the diluted 213!
treatment is to the concentration in the natural sample (i.e., the closer d is to 1), the higher 214!
the standard deviation of the rate estimates (Fig. 2.5).  More accurate rate estimates may, 215!
therefore, come from using the most diluted treatment.  Unfortunately, this is also the 216!
treatment for which the cell density is sparse and dilution artifacts (e.g., Dolan et al. 2000) 217!
are most likely.  The best choice of the diluted treatment is thus a compromise between 218!
getting the largest dilution effect and other practical concerns, such as cell counts.   219!

Model assessment of the size-dependent dilution method 220!

To test the accuracy of the size-dependent dilution method, we used a size- 221!
structured plankton ecosystem model (Poulin and Franks 2010) to simulate a dilution 222!
experiment.  The known model rates were then compared to rates calculated by applying 223!
the dilution equations [equations (5, 6)] to the model output (initial and final 224!
phytoplankton concentrations binned into size intervals).  We chose this approach for 225!
testing the method because it provides a controlled and unambiguous comparison of 226!
accurately known growth and grazing rates.  227!

The Poulin and Franks (2010) model includes nonlinear nutrient uptake by 228!
phytoplankton and nonlinear grazing of phytoplankton by zooplankton. The model 229!
contains seven parameters that can be size dependent: maximum phytoplankton (η) and 230!
zooplankton growth rates (ζ), half-saturation constants for phytoplankton nutrient uptake 231!
(k) and zooplankton grazing (K), phytoplankton (λ) and zooplankton loss rates (δ), and 232!
zooplankton assimilation efficiency (γ).  Adding size-dependencies to the parameters 233!
doubled the number of parameters to estimate, as both coefficients and exponents are 234!
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required for allometric scaling.  Total nitrogen concentration for the system, Ntot, is the 235!
only parameter that does not have the potential to be size-dependent.   236!

The model was parameterized based on 1) previously published allometric 237!
scalings, 2) a literature review of size-dependent relationships, 3) the generation of a 238!
realistic planktonic size spectral slope at steady state, and 4) the maintenance of a 239!
zooplankton:phytoplankton biomass ratio <1 (Table 2.1).   Generally, the maximal growth 240!
rates of phytoplankton and zooplankton and the half-saturation constant for grazing 241!
decreased as functions of size, while the phytoplankton half-saturation constant for 242!
nutrient uptake increased with size.  All other variables were not size dependent (i.e., their 243!
exponents were zero).  244!

Using the analytical solutions for the Poulin and Franks (2010) discrete model, we 245!
found steady-state values for the state variables (nitrogen, phytoplankton, and 246!
zooplankton) and used them to initialize a 24 h, two-point dilution experiment (Fig. 2.6) 247!
with d = 0.33.   248!

The growth and grazing rates estimated by applying the size-dependent dilution 249!

method to the size spectra and the actual rates from the model were not statistically 250!

different (two-sample Komolgorov-Smirnov test, p=1) (Fig. 2.7), and a strong positive 251!

correlation was seen across all size classes for both rates.  This assessment shows that the 252!

size-dependent dilution method accurately estimates size-specific growth and grazing 253!

rates, despite the complexity and nonlinearities of the simulated community.  Further 254!

modeling work (Taniguchi et al. in prep.) shows that this method will also accurately 255!

estimate rates under non-steady conditions, with grazers consuming multiple size classes 256!

of producers, and with omnivory.   257!

Application to field data 258!
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We applied the size-dependent dilution method to field data collected in the 259!

equatorial Pacific on the 2005 cruise (EB05) of the Equatorial Biocomplexity project 260!

(Nelson and Landry 2011).  Given that the size-dependent dilution method worked well 261!

under the steady-state conditions of the complex modeled ecosystem, the application of 262!

the method to the relatively stable conditions of the equatorial Pacific seemed appropriate.  263!

As described in detail elsewhere (Selph et al. 2011), two-treatment dilution experiments 264!

were conducted at 8 depths at each of 14 stations along a transect at 0.5°N, with one 265!

station at 140°W and the rest approximately 2° apart between 132.5 and 123.5°W.  For the 266!

present analysis, we used only experiments conducted with surface mixed-layer water 267!

(collected in early morning CTD casts, ~0300-0400 h local time) and incubated for 24 h in 268!

calibrated seawater-cooled deck incubators at a 31% of surface irradiance, the conditions 269!

for maximum phytoplankton growth (Landry et al. 2011b).  Linearity of the grazing 270!

response is well documented for this ocean region from a variety of studies, including the 271!

present experiments (Landry et al. 1995; Verity et al. 1996; Landry et al. 2000; Landry et 272!

al. 2011b).  273!

Dilution treatments (d = 1 and d = 0.37, the latter diluted with water filtered 274!
through a 0.1 µm Suporcap filter) were prepared in 2.8-L polycarbonate bottles.  Flow 275!
cytometry samples (2 mL, 0.5% v/v paraformaldehyde preserved, frozen in liquid 276!
nitrogen) were taken from both treatments initially and at the end of the incubation.  The 277!
samples were later thawed, stained with 1 µg mL-1 of Hoechst 33342 (Monger and Landry 278!
1993), and analyzed with a Beckman-Coulter EPICS Altra cytometer, distinguishing three 279!
populations: Prochlorococcus, Synechococcus, and picoeukaryotes.  These taxa were 280!
combined for size-specific analysis, and the light scattering values were normalized 281!
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relative to an internal standard (0.5 µm yellow fluorescent beads).  To convert list mode 282!
files from normalized light scatter values to cell diameters for the picoplankton 283!
assemblage, the median forward light scattering values for Prochlorococcus and for 284!
Synechococcus were regressed against literature-based cell diameters for these taxa: 0.55 285!
µm for Prochlorococcus (Partensky et al. 1999) and 0.95 µm for Synechococcus (Morel et 286!
al. 1993).  The resulting relationship was used to assign cell diameter estimates to 287!
individual cells.   288!

To increase the number of cells in each size class for the rate calculations, the data 289!
from individual sampling stations were pooled.  Given the observed relative constancy of 290!
growth and grazing rates and community composition among stations (Landry et al. 291!
2011a; Selph et al. 2011), combining data sets is expected to highlight rather than mask 292!
the underlying size dependencies.  Once the data were pooled, the cells were divided into 293!
bins with edges of 0.45, 0.65, 1.25, 2.75 and 4.00 µm.  These divisions were chosen to 294!
correspond approximately to the taxonomic groups Prochlorococcus, Synechococcus, and 295!
pico-eukaryotes.  For this data set, highly resolved rate estimates, especially for relatively 296!
large (>4 µm) cells, were not possible as those cells were too rare.  Therefore, larger cells 297!
were not considered.  After dividing the cells into size intervals, equations (5, 6) were 298!
applied to each size bin to estimate the size-dependent growth and grazing rates.  299!
Equations (10, 11) were then used to calculate the standard deviations for growth and 300!
grazing rates, respectively.    301!

The mean size-class rates of growth and grazing generally decreased with size 302!
(Fig. 2.8), though the standard deviations suggest that there is some overlap between size 303!
intervals, particularly between the second and third size intervals in both the growth and 304!
grazing rates.  However, the rates of the smallest size class were significantly higher than 305!
those of all other size intervals, and the largest size class rates were significantly lower 306!
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than those of the smaller size intervals.  These data support the conclusion that the larger 307!
cells in this analysis, which have variously been called pico-eukaryotes or eukaryotic 308!
ultraplankton (Simon et al. 1994; Zubkov and Quartly 2003) in flow cytometric analyses 309!
of oceanic plankton, displayed lower growth and grazing rates than the smaller cells 310!
(photosynthetic bacteria).   311!

When plotting rate estimates as a function of the upper and lower bounds of the 312!
size intervals, both growth and grazing rates decrease with increasing size (Fig. 2.9).  The 313!
highest rates correspond to the size class between 0.48 and 0.52 µm (µi = 0.68 + 0.04 d-1 314!
and gi = 0.75 + 0.05 d-1), while the lowest rates are for cells between 3.13 and 3.36 µm (µi 315!
= 0.27 + 0.07 d-1 and gi = 0.31 + 0.09 d-1).  As the size intervals get wider, both growth 316!
and grazing rates increase because the higher growth and grazing rates of the more 317!
numerous smaller cells contribute disproportionately to the size-interval averages.    318!

The general agreement between the rates found here and those in other studies in 319!
the equatorial Pacific and other oligotrophic areas (Latasa et al. 1997; Worden and Binder 320!
2003; Landry et al. 2011a; Selph et al. 2011) gives some confidence in the size-resolved 321!
rates.  Of particular relevance is the work of Landry et al. (2011a) and Selph et al. (2011), 322!
which include experiments from the same cruise as used here as well as a 2004 cruise to 323!
the same region.  Those studies focused on taxonomic-based rates generated from HPLC 324!
pigment concentrations and flow cytometry data instead of size-based rates.  Landry et al. 325!
(2011a) found a close coupling between growth and grazing for Prochlorococcus, 326!
Synechococcus, and small eukaryotes, integrated over the full euphotic zone.  Selph et al. 327!
(2011) did a more detailed study of individual taxonomic groups at discrete depths, 328!
including the 31% light level.  A comparison of the size-dependent rates from the present 329!
study and the taxonomic group rates based on pigment concentrations from Selph et al. 330!
(2011) are shown in Table 2.2.  There is generally a good agreement among the rates for 331!
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Prochlorococcus and Synechococcus (based on the pigments divinyl chlorophyll a and 332!
zeaxanthin) and our rates estimated for the smallest size classes, although the growth rates 333!
based on zeaxanthin are slightly higher.  Pelagophytes and prymnesiophytes correspond to 334!
the larger size categories of the present study; both of those taxonomic groups have higher 335!
mean growth rates than we estimated using equation (5).  These discrepancies may be a 336!
consequence of the size classes containing a mixture of taxonomic groups – particularly 337!
for the larger size classes – which would not appear in the taxon-based estimates of Selph 338!
et al. (2011).  It is also of note that pigment-based rates, particularly growth rates, 339!
frequently have corrections to account for pigment changes not associated with biomass 340!
growth.  The accuracy of such corrections can also affect the relationship between 341!
pigment-based and size-specific rates.   342!

A decrease in growth and grazing rates with increasing size has been documented 343!
before, both for the general spectrum of organisms (e.g., Fenchel 1974), and for unicellular 344!
marine life in particular (e.g., Banse 1976; Hansen et al. 1997).  In contrast, other studies 345!
have noted that small size may provide a refuge from predation (e.g., Banse 1982; Monger 346!
and Landry 1990), which may allow lower growth rates for smaller cells relative to larger 347!
ones.  The general trend in our results of decreasing growth and grazing rates with 348!
increasing size (Fig. 2.8) tend to support previous observations about an inverse 349!
relationship between rates and size.  Further studies are needed to assess the generalities of 350!
size-dependent rate patterns for a broader size range of phytoplankton and for diverse 351!
ecosystems. 352!

 353!

Discussion 354!

Size-dependent dilution method 355!



! 46 

The size-dependent dilution method is a relatively simple approach that can 356!
substantially increase the amount of information gathered about the natural planktonic 357!
community.  With little alteration to the commonly used dilution method, it can provide 358!
better parameterizations for size-structured models and enhance our understanding of size- 359!
related plankton dynamics.  360!

The execution and the concept of the size-dependent dilution method are not 361!
entirely new.  Previous studies have utilized the dilution method to estimate rates of size 362!
classes based on size-fractionated chlorophyll (Menden-Deuer and Fredrickson 2010), 363!
microscopic measurements (First et al. 2007), and flow cytometry (Kuipers and Witte 364!
1999).  The major advancement here is the statistical analysis, which allows computation 365!
of error estimates, and flexibility in the designation and interpretation of trends among size 366!
classes.  While size-fractionated chlorophyll could be used for the method put forth here, 367!
the size classes would be fixed, and using the error equations [equations (10, 11)] and 368!
plotting rates as a function of size interval would not be possible.  Similarly, previous 369!
studies that have used actual cell measurements only reported mean rates for fixed size 370!
classes that were sometimes chosen opportunistically (Kuipers and Witte 1999).  371!

Another method to determine size-specific growth and grazing rates is by 372!
examining population dynamics of different size classes in predator removal experiments 373!
(Glasser 1983).  Many of the assumptions and concerns of that method are also applicable 374!
for the size-dependent dilution method.  For instance, each size class is considered in 375!
isolation.  Accounting for plankton growing or dividing out of, or remaining within, each 376!
size interval is an issue that can only be thoroughly examined using a single species.  377!
Addressing the issue of growth and reproduction into and out of a size class for a multi- 378!
species assemblage may require some modifications to equation (4).  Most of the 379!
organisms we are considering are bacteria or protists, which would tend to vary in size by 380!
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only a factor of 2 over their division cycles.  If the size classes are large enough (i.e., at 381!
least double the size of the previous size class), transfer of organisms between size classes 382!
is diminished.   383!

Another potential issue, as proposed by Glasser (1983), involves processes such as 384!
aggregation which could be misinterpreted as growth in certain size classes and grazing in 385!
others, depending on which size classes gained or lost cells.  If such particle size 386!
alterations occurred from physical agitation, this artificial growth or grazing effect would 387!
at least be common to all treatments.  On the other hand, if size changes were mediated by 388!
grazers, these artifacts would be more prominent in the less-dilute treatments.  Consumers 389!
may also add nutrients through excretion, disproportionally stimulating growth in the less- 390!
dilute treatments and potentially encouraging the growth of particular size classes.  391!
Nutrient-amended dilution experiments (Landry et al. 1995) can help alleviate both this 392!
effect and nutrient limitation during the incubation period.   393!

Other factors involving the predator community that may bias size-dependent rate 394!
estimates include the effects of dilution on grazer population growth and mortality, and 395!
non-linear grazing.  Diluting the predator community can cause unnatural growth and 396!
grazing that varies depending on the fraction of unfiltered seawater in the sample.  397!
Furthermore, grazers may change grazing behaviors due to the dilution of food 398!
concentration.  These factors have been brought to light (Gallegos 1989; Dolan et al. 2000; 399!
Dolan and McKeon 2005; First et al. 2007) and addressed (Landry et al. 1995; Landry and 400!
Calbet 2005), at least partially, for community-level rates from traditional dilution 401!
experiments.  However, such biases may also differ in their effect on the bulk community 402!
rates versus size-dependent rates.  For example, First et al. (2007) found that grazer 403!
behaviors depended on their size and on the dilution treatment.  Some herbivores may 404!
grow slowly or die off quickly with decreased food in diluted treatments compared to 405!
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undiluted treatments.  Landry and Calbet (2005) pointed out that the predators of the 406!
herbivorous grazers will also be diluted, often leading to a limited net change in grazing 407!
activity.  Still, if the size-specific grazing impact of the herbivores is altered, the measured 408!
size-dependent rates may be biased as a result of the experimental design (i.e., diluting the 409!
community).  We intend to explore this effect using complex size-structured ecosystem 410!
models that include herbivory, carnivory and omnivory. 411!

Standard deviation for growth and grazing rates 412!

The standard deviations for both growth [equation (10)] and grazing [equation 413!
(11)] rates provide quantitative measures of the error of our estimated rates.  The standard 414!
deviation equations can be applied even if time, resources, or experimental difficulties 415!
prevent the acquisition of replicates.  The equations can be applied to both community 416!
data and size-specific data.  They can also be used to calculate error estimates even when 417!
grazing rates are low [a perceived problem of the dilution method – see Dolan and 418!
McKeon (2005) and Landry and Calbet (2005)].  419!

When planning experiments, the standard deviation equations (10, 11) can be 420!
useful for estimating the number of cells that should be counted or sample volume that 421!
must be analyzed to obtain a specified level of error.  If we assume that a system is at 422!
steady state (i.e., Nt = N0 and Nt,d = N0,d), then the  number of cells that need to be 423!
counted, N, to obtain an error of magnitude σµ!for growth would be 424!

       (12). 425!

For grazing, the number of cells that need to be counted to obtain an error of σg!for grazing 426!
would be 427!

       (13). 428!

N =
2 1+ d3( )

d !"t 1# d( )[ ]2

N =
2(1+ d)

d !gt 1" d( )[ ]2
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For a dilution factor of 0.3 and σµ = 0.1 d-1, for example, 1400 cells need to be enumerated 429!
in each size bin for each sampling time step (initial and final).  For a σg of 0.1 d-1, about 430!
1800 cells should be counted in each size interval at each time step for each treatment.  431!
Knowing cell concentrations, the volumes to be processed are easily calculated from these 432!
cell numbers.     433!

Large numbers of cells must be measured in each size class in the above example, 434!
so automated methodologies for cell counting and analysis are recommended.  Of the 435!
technologies currently available, flow cytometry and FlowCAM are better suited for use in 436!
these size-specific analyses than microscopy.  However, neither of these methodologies 437!
covers the entire phytoplanktonic size spectrum.  While Coulter counters are also a viable, 438!
automated option, their use is best restricted to cultures due to the machines’ inability to 439!
distinguish cells from non-cells.  Therefore, future technologies that could identify 440!
phytoplankton cells from non-living material over a large size range, estimate the sizes of 441!
cells, and do so automatically would greatly benefit this type of experimental analysis.  ! 442!

Modeling the size-dependent dilution method! 443!

Testing the size-dependent dilution method with the size-structured NPZ model 444!
showed that, in a complex modeled ecosystem, the technique outlined in this work can 445!
accurately retrieve size-specific growth and grazing rates.  The size-dependent dilution 446!
method assumes that grazing changes linearly with the fraction of diluted seawater.  In the 447!
size-structured ecosystem model, however, phytoplankton are directly or indirectly 448!
controlled by seven parameters, four of which are size dependent.  In particular, growth 449!
and grazing in the model are nonlinear.  Despite the differences between assumed linearity 450!
for the size-specific dilution method and the nonlinear construct of the model, the size- 451!
dependent dilution method gave accurate estimates of both phytoplankton growth and 452!
grazing rates for all size classes.  Not only does the model give us confidence in the 453!
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method, but it can also be used as a tool for understanding the environmental conditions 454!
under which the size-dependent dilution method may or may not work.  The model and 455!
parameters used here are only one example; future modeling efforts will explore more 456!
complex and realistic ecosystem structures and/or different parameterizations to gain a 457!
better understanding of the conditions under which the size-dependent dilution method can 458!
most appropriately be applied in the field.    459!

Application to field data 460!

Results from the present experiments and statistical calculations yielded four 461!
pieces of information: growth and grazing rate estimates, a metric of the error (the 462!
standard deviation) of those estimates, the size-dependencies of the rates, and the 463!
dependency of those rates on the size interval.  The first two properties provide 464!
fundamental information about the planktonic community as well as a measure of the 465!
accuracy of that information.  This knowledge can be used to detail how the base of the 466!
food web is changing and provide insight into the processes driving community dynamics 467!
(e.g., response to nutrient inputs, grazing pressure from specific consumers).  The results 468!
can also be compared with species-specific studies, particularly if the size intervals are 469!
chosen to correspond directly to taxonomic groups of interest, to contrast and/or 470!
complement other measures of community dynamics.  471!

Plotting rate estimates as a function of bin size edges provides a new perspective 472!
on size-dependent growth and grazing rates.  Such a display of information allows 473!
researchers to determine not only how rates change with organism size but also with size 474!
resolution.    475!

Our data analyses showed both growth and grazing rates to decrease with 476!
increasing cell size.  These results support some studies (Fenchel 1974; Banse 1976; 477!
Hansen et al. 1997) and tend to refute others (Banse 1982; Monger and Landry 1990, 478!
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1991; Marañón 2008).  Note, however, that these are realized rates, not the maximum rates 479!
that tend to scale allometrically (Hansen et al. 1997; Nielsen 2006).  Furthermore, the field 480!
population studied here resolves only a limited size range of pico- and small 481!
nanophytoplankton.  The high cell counts necessary for accurate rate measurements (~103 482!
per size class) made it impractical to use counts for larger cells obtained via microscopy.  483!
Size-specific rates for cells larger than those considered here may reveal different size- 484!
dependent patterns (e.g., Selph et al. 2011).  More extensive application of the size- 485!
dependent dilution method to natural samples will provide a more quantitative 486!
understanding of the size-dependent dynamics of planktonic ecosystems.  Quantifying the 487!
size-dependent patterns of growth and grazing rates will lead to improved size-dependent 488!
models by allowing more accurate parameterizations and stronger tests of the underlying 489!
dynamics.   490!

 491!

Comments and Recommendations 492!

The size-dependent dilution method gives estimates of growth and grazing rates for 493!
phytoplankton in different size classes.  The quality of these estimates depends on the 494!
selection of size classes that will minimize the error bounds on the rate estimates while 495!
still allowing some size resolution.  Our plots displaying size-dependent rates as a function 496!
of size interval provide a concise means of representing all size classes of interest while 497!
maintaining the needed balance of minimizing error and maximizing size resolution.  498!
While the size-dependent dilution method can be applied with tools presently available, 499!
advances in technology should improve the method by allowing larger numbers of cells – 500!
particularly the larger cells – to be counted and sized more efficiently.  Testing the method 501!
with size-structured models of varying complexities will help to determine the ecosystem 502!
properties that most strongly affect our ability to extract accurate growth and grazing rate 503!
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estimates.  As it stands, the present method appears to be particularly useful for estimating 504!
size-dependent growth and grazing rates for the smallest (and most numerous) size classes 505!
of phytoplankton.  506!

 The application of the size-dependent dilution method to natural samples will 507!
provide important and otherwise difficult-to-acquire information on size-dependencies of 508!
growth and grazing rates of actual phytoplankton assemblages.  This knowledge will 509!
contribute to our understanding of size relationships in ecosystem dynamics and 510!
biogeochemical cycling in the oceans.  511!

512!
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 524!

 525!
Fig. 2.1. Schematic diagram of rate estimates for a variety of size intervals.  The rate 526!
estimates are calculated as a function of the x-axis (the lower edge of the size 527!
interval) and the y-axis (the upper edge of the size interval).  Two-dimensional plots, 528!
standard deviations, and the rate for the entire community can also be plotted on the 529!
same graph.   530!
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 531!
 532!

Fig. 2.2. A comparison of the bootstrapped standard deviations with the Poisson-based 533!
standard deviations calculated from equations (10, 11) for size-specific growth rates (A) 534!
and size-specific grazing rates (B). 535!

536!
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 537!

Fig. 2.3. Plot of equations (10, 11) of the change in the standard deviation with cell count.   538!
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 539!
Fig. 2.4. Examples of standard deviations for the growth rate calculated using equation 540!
(10).  For each plot, the same size distributions shown in A. were used.  The undiluted 541!
spectrum has a slope of -5 and an intercept of 105 cells mL-1 µm-1.  The sample volume 542!
was 1 mL.  The fraction of unfiltered seawater was 1/3.  For B., the size distribution was 543!
divided into 4 size classes that are equal in logarithmic space.  For C., the size 544!
distribution was divided into 8 logarithmically equal size classes.  For D., the size 545!
distribution was again divided into 8 size classes, but the divisions were made so each 546!
size class had the same number of cells.   547!

548!
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 550!
Fig. 2.5. The standard deviations for different fractions of unfiltered seawater, d.  A. The 551!
standard deviations for the growth rate, calculated using equation (10).  B. The standard 552!
deviations for the grazing rate, calculated using equation (11).   553!

554!
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 555!

556!
Fig. 2.6. The phytoplankton size spectra generated from the size-structured NPZ modeled 557!
dilution experiment.  These distributions were used to calculate size-dependent growth 558!
and grazing rates based on equations (5, 6), respectively.   559!

560!
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 563!
Fig. 2.7. Comparison of the growth (A) and grazing (B) rate values calculated from the 564!
size-dependent dilution method and those from the size-structured NPZ model.   565!
 566!
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 567!
Fig. 2.8. Application of the size-dependent dilution equations to pooled field samples 568!
collected in the equatorial Pacific in 2005.  A. The size-based growth rates, calculated 569!
using equation (5), and the standard deviations, calculated using equation (10).  B. The 570!
grazing rates, calculated using equation (6), and the standard deviations, calculated using 571!
equation (11).  Rate values and standard deviations in both panels are plotted at the mid- 572!
points of each size bin.   573!

574!
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 575!

Fig. 2.9. Application of the size-dependent dilution equations [equations (5, 6)] to pooled 576!
data collected from the equatorial Pacific in 2005.  The data are the same as in Fig. 8.  577!
However, here they are split into various size intervals within the complete size range.  578!
Therefore, the rate estimates are a function of both the lower bin edge (the x-axis) and the 579!
upper bin edge (y-axis).  Also shown are the 2-dimensional data from Fig. 8 as well as 580!
the standard deviations, calculated using equations (10, 11).  A. Growth rates. B. Grazing 581!
rates. 582!

583!
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 584!
Table 2.1.  Parameter values for the size-structured NPZ model used to evaluate the size- 585!
dependent dilution method.   586!
 587!

Parameter Coefficient Exponent Units 

total nutrients, Ntot 10 NA µmol N L-1 

zooplankton half saturation constant, K 0.08 -0.55 µmol N L-1 

zooplankton grazing rate, ζ 2.468 -0.58 d-1 

zooplankton assimilation efficiency, γ 0.4 0 dimensionless 

zooplankton loss rate, δ 0.1 0 d-1 

phytoplankton half saturation constant, k 0.08 0.88 µmol N L-1 

phytoplankton growth rate, η 0.7 -0.75 d-1 

phytoplankton loss rate, λ 0.1 0 d-1 

 588!
589!
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 590!
Table 2.2.  A comparison of growth and grazing rates (d-1) from this study and those 591!
based on HPLC pigments taken from Fig. 6 of Selph et al. (2011).  The terms in 592!
parentheses indicate the pigment representing the taxonomic group(s). 593!
 594!

Method Size class/cell type Growth rate + sd  Grazing rate + sd 

size-
dependent 

dilution 
method 

0.45-0.65 µm 0.54 + 0.02 0.57 + 0.02 

0.65-1.25 µm 0.47 + 0.02 0.50 + 0.02 

1.25-2.75 µm 0.45 + 0.02 0.52 + 0.02 

2.75-4.0 µm 0.30 + 0.03 0.36 + 0.03 

HPLC Prochlorococcus (divinyl 
chlorophyll a), ~0.4-0.8 µm 

0.65 + 0.19 0.54 + 0.27 

Prochlorococcus and 
Synechococcus (zeaxanthin), 

~0.4-1.1 µm 

0.78 + 0.20 0.60 + 0.23 

Pelagophytes (19-
butanoyloxyfucoxanthin), ~1.5-

20 µm 

1.12 + 0.16 0.56 + 0.15 

Prymnesiophytes (19’-
hexanoyloxyfucoxanthin), 2-10 

µm 

0.66 + 0.32 0.32 + 0.25 

 595!

596!
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Chapter 3. 

Parameterization, stability, and dynamics of a size-structured nutrient-

phytoplankton-zooplankton model 

 

Abstract 

 The systematic change in a trait with size is a concise means of representing the 

diversity and organization of planktonic organisms.  Here, we determine the size-

dependent variation of fundamental planktonic rates by synthesizing previously published 

literature values.  Most rates, with the exception of the phytoplankton half-saturation 

constant for nutrient uptake, decrease with increasing size.  We use these values to 

parameterize the size-structured nutrient-phytoplankton-zooplankton (NPZ) model of 

Poulin and Franks (2010).  We examine how our parameter choice affects the structure 

and stability of the modeled ecosystem.  The parameterization of the model allows it to 

reproduce realistic planktonic size distributions.  The model’s structure causes it to be 

globally unstable to perturbations; fortunately, the growth rates of these instabilities are 

insignificant on timescales relevant to planktonic communities.  We also investigate in 

detail the dynamics of the model when the steady-state solution is perturbed with a pulse 

of nutrients.  This work supports the use of size-dependency of rates and provides 

parameterizations for use in other general plankton community models.  The examination 

of the highly resolved biomass distributions and the underlying processes leading to those 

distributions under changing environmental conditions highlights the need to examine the 

fine-scale dynamics of planktonic communities.   
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Introduction 

Planktonic communities are comprised of a wide variety of taxonomic and 

functional groups.  Despite the diversity of these assemblages, the relative biomass and 

abundance in particular size classes often scales systematically with total planktonic 

biomass (e.g., Chisholm 1992, Cavender-Bares et al. 2001, Reul et al. 2008).  This size 

regularity influences the energy available for higher trophic levels, since trophic 

interactions are largely based on size (Sheldon et al. 1977, Hansen et al. 1994).  The 

structure of planktonic size distributions is also important for biogeochemical cycling, 

since sinking and nutrient uptake rates, for example, are known to scale with size 

(Moloney and Field 1991, Edwards et al. 2012).  

The size-dependency of traits is called allometry.  In its most general usage, 

allometry refers to the systematic change in a property with size (Gould 1966).  More 

strictly, particularly among biologists, allometry refers to a trait’s change with size 

according to the equation 

c = asb      (1) 

where c is the trait, a is the scaling coefficient, s is a measure of size, and b is the scaling 

exponent not equal to 1 (which, strictly speaking, would refer to isometry).   

The regular change in a planktonic property with size was applied early on to 

understand the distribution of planktonic community biomass (Sheldon et al. 1972).  In 

the allometric scaling of planktonic abundance, there is generally a decrease with 

increasing size (i.e., larger plankton are relatively less abundant than smaller plankton).  

When put in terms of Eq. (1), this relationship produces a negative b value (e.g., Platt and 

Denman 1978, Rodriguez and Mullin 1986, Reul et al. 2005).  The lower the magnitude 
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of b, the higher the proportion of larger plankton compared to smaller plankton.  The 

scaling coefficient a takes on a variety of values, depending on the units of biomass, and 

provides a way to compare the absolute abundance of organisms with 1 unit of size (e.g., 

1 µm3, 1 µmol N l-1).  The size-abundance spectrum can change for a variety of reasons, 

associated with temporal shifts such as seasonal and diel variability (Rodriguez and 

Mullin 1986), and with space, both vertically (Gin et al. 1999, Franks and Jaffe 2008) and 

horizontally (Reul et al. 2005).   

To explain the variation in biomass with size, early theoretical models applied 

allometric relationships to planktonic rates (Kerr 1974, Platt and Denman 1977, 1978).  

Since then, a variety of empirically based allometric relationships have been discovered 

for a diverse suite of planktonic organisms and rates.  While there are also several 

counterexamples in the literature (see Discussion), the extent and variety of allometric 

rate relationships remains noteworthy.  For example, growth rates for both phytoplankton 

(Banse 1976, Mizuno 1991) and zooplankton (Hansen et al. 1997) show allometric 

scaling.  Respiration (Fenchel and Finlay 1983, Tang and Peters 1995), photosynthesis 

(Marañón et al. 2007), and half-saturation constants for nutrient uptake (Eppley et al. 

1969) also show a systematic variation with size.   

Allometric scalings of rates have been used to model processes from the detailed 

dynamics of plankton physiology and grazing interactions (Steele and Frost 1977) all the 

way up to modeling entire ecosystems (Lima and Doney 2004).  The usefulness of these 

allometric scalings for model parameterization lies in the rich amount of information 

contained in the relatively simple relationships.  That is, allometric scalings allow the 

values for all organisms, or at least distinct functional groups, to be reproduced using 
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only two parameters, a and b.  These allometric relationships simplify models while still 

maintaining diversity among organism types, based on size.  

In this study, we used a variation of a traditional nutrient-phytoplankton-

zooplankton (NPZ) model that includes allometrically scaled parameters and produces 

size-dependent distributions of planktonic biomass.  We parameterized the model using 

values from the literature specifically to test the following hypothesis: planktonic rates 

scale systematically with size.  The rates we examine are phytoplankton maximum 

growth and half saturation constant, phytoplankton loss, maximum grazing rate and half 

saturation constant, microzooplankton loss, and microzooplankton gross growth 

efficiency.  We used the resulting parameterization to examine the stability of the model 

and the dynamics of the state variables when perturbed with a nutrient pulse.  This work 

will elucidate the systematic change in rates with size and help identify the processes that 

can lead to biomass size distributions in the oceans.   

 

Methods 

Model description 

Our study is based on developing an accurate parameterization of the size-

structured NPZ model of Poulin and Franks (2010).  Although the model is described in 

detail in its original publication, we will describe it briefly here and clarify some 

differences between our parameterization and that of the original model.  The model is a 

traditional NPZ model (Franks et al. 1986) in the sense that there are only three state 

variables (dissolved nitrogen, phytoplankton, and zooplankton).  All state variables are 

modeled in terms of nitrogen and are governed by general gain and loss terms.  However, 
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the phytoplankton biomass P (µmol N l-1) and zooplankton biomass Z (µmol N l-1) are 

divided into size classes based on a linear size dimension s (µm).  Furthermore, most 

parameters in the model have the potential to be size-dependent.  N (µmol N l-1) is the 

dissolved nitrogen concentration and is not size-dependent.  NT is the total nitrogen in the 

system and is also not size-dependent.  The explicit functions governing the model 

dynamics are as follows: 

dP(s)
dt

= P(s) µ(s) N
N + ks (s)

−λ(s)− g(rs) Z(rs)
P(s)+ kz (rs)

"

#
$

%

&
'   (2) 

dZ(rs)
dt

= Z(rs) Γ(rs)g(rs) P(s)
P(s)+ kz (rs)

−Δ
$

%
&

'

(
)    (3) 

NT = N + P(si )+ Z(si )
i=1

n

∑
i=1

n

∑     (4). 

The three main components on the right side of Eq. (2) represent phytoplankton 

growth, general loss, and grazing, respectively.  Growth is modeled by a rectangular 

hyperbolic function.  µ is the maximum autotrophic growth rate (day-1) and ks (µmol N l-

1) the half-saturation constant for nitrogen uptake.  We assume that our growth 

component has metabolic losses (e.g., respiration, exudation) already incorporated into it.  

Grazing also has a rectangular hyperbolic form.  g (day-1) is the maximum grazing 

rate, and kz (µmol N l-1) the grazing half-saturation constant.  While the model has the 

flexibility to allow each zooplankton size class to graze on several size classes of 

phytoplankton, all model dynamics described here involve each zooplankton size class 

grazing on only one size class of phytoplankton, denoted by the predator:prey size ratio r.  

Future studies will investigate models including both grazing on multiple size classes of 
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phytoplankton and omnivorous grazing on multiple size classes of both phytoplankton 

and zooplankton, which can significantly affect the model dynamics (Thingstad 1998).   

As described above, the general phytoplankton loss term λ (day-1) is biomass-

associated (e.g., autolysis, viral lysis, senescence, etc.) and not associated with metabolic 

processes (e.g., respiration, exudation, etc.).  Sinking is not considered because the 

system is closed, with a constant sum of total nitrogen (Eq. 4).   

Zooplankton dynamics are modeled in Eq. (3), with growth represented by the 

first term on the right and loss by the second term.  Zooplankton can increase in biomass 

due to grazing.  The dimensionless gross growth efficiency Γ is a measure of how much 

of the material ingested is converted into grazer biomass.  Because Γ includes 

metabolism, it is different than the γ of the original Poulin and Franks (2010) model, 

which was assumed to be assimilation efficiency and thus did not include metabolic 

losses.  This difference is reflected in the generic zooplankton loss term Δ (d-1).  In the 

original model, δ is the generic loss term and includes metabolism.  Here, because that 

process is already accounted for in Γ, Δ is the loss rate due to biomass-associated 

processes, similar to λ for phytoplankton.  In addition, because zooplankton are not 

explicitly preyed upon in this model version, Δ could also include losses to higher level 

consumers.   

Eq. (4) represents the changes in total nitrogen NT (µmol N l-1).  NT is equal to the 

dissolved nitrogen N plus the nitrogen in all the phytoplankton and zooplankton size 

classes.   

Parameterization 
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To parameterize the model, we synthesized values from the literature.  Each 

parameter value was converted according to specific guidelines, which are described 

below.  The references and specific values appear in the Supplemental Material.  For all 

values for all parameters, if replicate experiments under identical conditions were 

performed in a single study, we used the average of those values.  If a source included 

several experiments on the same organism under differing conditions, we used the value 

that most closely represented the parameter of interest (e.g., the experiment that produced 

the highest growth rate as the value for µ), and/or the experimental value that had the 

most information associated with it (e.g., the organism size, the temperature, etc.).  In 

collected values for the zooplankton parameters (described below), we used values for 

protistan microzooplankton, not macrozooplankton.  Therefore, the ‘Z’ in the NPZ model 

specifically refers to non-metazoan grazers.   

After all the values for each parameter were collected, the log-transformed values 

were regressed against log-transformed size values to find the coefficient and exponent 

[Eq. (1)] and 95% confidence intervals for the size-dependent relationship for each 

parameter.  We specifically used model I regressions to examine the size-dependency of 

the rates and processes of interest.  Because there is error associated with the 

measurements of each process and organism size, model II regressions may be more 

reasonable.  The use of model I and model II regressions in past allometric studies have 

been mixed.  Banse (1976, 1982) both used model I regressions for his results.  Blasco et 

al. (1982), Moloney and Field (1991), and Edwards et al. (2012) used model II 

regressions.  Tang (1995) and Tang and Peters (1995) actually examined which 

regression type was most appropriate for their data.  Because the error in the size 
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estimates was found to be negligible, both studies used a model I regression.  Which 

method is most reasonable will ultimately depend on the composition of the data.  Future 

work will delve more thoroughly into the effect of different model regression types on the 

size-dependencies of each parameter, but for this study we focus on the results of model I 

regressions.   

Size, esd 

We used equivalent spherical diameter (esd) as our metric of cell size.  If a source 

provided cell volume v (µm3), esd was calculated using the equation esd = (6v/π)1/3.  If 

linear dimensions (i.e., length and width) values were listed, those values were first 

converted to a volume assuming the cell was a prolate spheroid, according to the equation 

v = lw2π/6, where l is the length (µm) and w is the width (µm).  After that, the previous 

equation was used to calculated esd.  If no measure of cell size was indicated in the 

original study, additional relevant literature sources for the species were used for size 

information.   

Maximum phytoplankton growth rate, µ 

 Maximum phytoplankton growth rate values were all converted to maximum 

specific growth rates (d-1).  If the value was given in doublings per day, it was converted 

to specific growth rate according to the equation µ = (divisions per day)/ln(2).  We 

corrected the rates to 20°C using the metabolic theory of ecology (Brown et al. 2004) 

approach, in which a metabolic rate R is assumed to vary with temperature T (in K), mass 

size dependence M α , and activation energy E according to the equation R = R0e
−E /kTM α  

where R0 is a constant and k is Boltzmann’s constant (-8.62x105 eV K-1).  Specifically, 
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we used the concepts outlined in Chen et al. (2012) to correct all values to a single 

temperature, using their estimate of growth activation energy of 0.36 eV.  Specific 

growth rate values and sources are given in Table 3.1 SM.   

Phytoplankton half-saturation constant, ks 

 Phytoplankton half-saturation constants were taken from various sources listed in 

Table 3.2 SM.  No distinction was made between the uptake of nitrogen in different 

forms (e.g., ammonium, nitrate).  If uptake of one or more forms of nitrogen was 

recorded in a single source for the same organism but in separate experiments (e.g., 

ammonium uptake was measured in one experiment and nitrate in another), the values 

were averaged.  Where possible, size values were taken from the original source, and 

additional sources were used otherwise.   

Phytoplankton loss rate, λ 

As described above, we assume that λ includes what we term biomass-associated 

losses, such as viral loss and autolysis.  That is, the loss rate is a constant fraction of the 

biomass.  Little information is known about non-grazing mortality of phytoplankton [see 

Bidle and Falkowski (2004) for a review].  One of the best-studied forms of loss is viral 

lysis (Brussaard 2004).  However, most literature values of viral loss are associated with 

bloom conditions (e.g., van Boekel et al. 1992, Brussaard et al. 1995, Brussaard et al. 

1996).  Little is known about the rates of viral loss in normal conditions for specific 

organisms [although see, for example, Suttle and Chan (1994) and Cottrell and Suttle 

(1995)].  Furthermore, λ encapsulates all forms of biomass-associated loss.  While the 

dissolved esterase method (van Boekel et al. 1992, Agusti et al. 1998, Riegman et al. 

2002) is a measure of total cell lysis, from viruses or otherwise, the method has been 
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described as semi-quantitative (van Boekel et al. 1992, Riegman et al. 2002).  Therefore, 

we have somewhat arbitrarily chosen a value for non-grazing associated loss to be 0.0015 

d-1.  This value was chosen based on its ability to produce reasonable size spectra (i.e., 

slope and intercept values), a realistic phytoplankton:zooplankton biomass ratio, and a 

reasonable size range.  While this value may seem low, it is at least within an order of 

magnitude of the total cell lysis rates measured by Riegman et al. (2002) using the 

dissolved esterase method, which, although semi-quantitative, makes an attempt to 

measure all loss sources considered in this parameter.  Furthermore, because so little is 

known about this loss rate, we further assume it is not inherent in growth rate 

measurements and, given this ambiguity, a small value for λ may indeed be appropriate.  

Also because of the lack of loss rate values, we have used a constant value for all size 

classes (i.e., no scaling exponent).  We are aware that this value may be size-dependent 

(Weinbauer and Hofle 1998) and hope that future studies will help determine its 

magnitude and size-dependency.   

Maximum microzooplankton grazing rate, g 

 For maximum zooplankton grazing rate, values were mainly taken from Hansen et 

al. (1997), complemented by more recent studies.  A complete list of sources is given in 

Table 3.3 SM.  For sources listed in Hansen et al. (1997), cell-size values were taken 

from that source.  Volume was converted according to the description above.  However, 

Hansen et al. provide specific grazing rates that are normalized by biovolume.  Here, we 

have normalized by nitrogen content of the prey and grazer.  If nitrogen values were not 

listed in the original source, they were taken from other studies.  Also, for all values, if 
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only carbon was given or calculated, we converted to nitrogen using the Redfield ratio 

(106 C:16 N).   

 When converting from grazer biovolume to nitrogen content, we used published 

relationships for the specific grazer type.  For nanoflagellates, we used the relationship 

from Borsheim and Bratbak (1987), and for dinoflagellates and ciliates, we use 

relationships from Menden-Deuer and Lessard (2000).  Because the prey items were 

more diverse, we converted from biovolume to nitrogen content using sources specific to 

the prey organism.    

Similar to µ, we corrected grazing rate values to 20°C using the work of Chen et 

al. (2012) and their estimate of grazing-associated activation energy of 0.67 eV.  

Grazing half-saturation constant, kz 

 To convert grazing half-saturation constant values (kz) from units used in the 

literature to µmol N l-1, we used conversion values of the prey items (e.g., cell size, cell 

nitrogen content), when possible, from the source for which the half-saturation constant 

was taken.  If those values were not available, we used values from other sources.  A 

complete list of sources and values is given in Table 3.4 SM.   

Gross growth efficiency, Γ  

To parameterize the gross growth efficiency Γ, we used several sources listed in 

Table 3.5 SM.  Values were either taken directly from the study or calculated according 

to the equation Γ = growth rate/grazing rate.  When there was more than one potential 

value (e.g., more than one experiment was conducted) in a study, we used the value that 

corresponded to the maximum grazing rate and the growth rate most closely associated 

with the maximum grazing rate conditions.  All values are dimensionless.  
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Microzooplankton loss rate, Δ 

Similar to the phytoplankton loss rate λ, we assume the microzooplankton loss Δ 

is biomass-associated.  Furthermore, just as with phytoplankton, little is known about 

non-grazing mortality of microzooplankton.  Nagasaki et al. (1993) found viruses to 

infect ~20% of a population of an unknown flagellate associated with a bloom of 

Prorocentrum triestinum.  Garza and Suttle (1995) were the first to isolate a naturally 

occurring virus that affects a marine heterotroph, Cafeteria roenbergensis (originally 

misidentified as Bodo sp.), in waters off of Texas.  However, only recently has this virus 

been studied genetically in detail (Fischer et al. 2010) and a population of this species of 

heterotroph found to decline in incubation experiments in the Indian Ocean, presumably 

also due to viral lysis (Massana et al. 2007).  Even more recently, Saura et al. (2011) 

found viruses to negatively affect the populations of heterotrophic flagellates, either 

directly through lysis or indirectly through bacterial lysis.   

While these studies highlight that non-grazing mortality, particularly due to 

viruses, may be important in regulating microzooplankton populations, the relatively 

sparse information on this topic limits our parameterization of this variable.  Therefore, 

we have selected a value of microzooplankton loss which helps fulfill our criteria, 

mentioned above, of producing a realistic phytoplankton: zooplankton biomass ratio and 

planktonic size range.  Also because of the lack of information, we have chosen not to 

make this variable size-dependent (i.e., the scaling exponent is zero).   

Stability analysis 

 One issue common to NPZ-type models is that they can be unstable to 

perturbations – small perturbations grow exponentially (and unrealistically) in time 
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(Franks et al. 1986, Edwards 2001).  To examine the stability of the model, we first 

calculated the Jacobian matrix of Eqs. (2-4).  Using the parameterization described 

above, we found the real part of the maximum eigenvalue of the Jacobian matrix.  If the 

real part of the maximum eigenvalue is positive, the system is unstable, meaning that it 

will never return to steady state if perturbed (e.g., a pulse of nutrient is added).  If instead 

the maximum eigenvalue is negative, the system is stable and will return to steady state 

or oscillate in a regular pattern if perturbed.   

 Because each parameter’s coefficient and exponent can be defined by the range of 

their 95% confidence intervals, we explored the stability of the model within this range.  

To do so, we divided the range of the 95% confidence interval into ten equal divisions.  

For the coefficients of λ and Δ, for which there were no 95% confidence intervals, and 

for Γ, for which we used the average quantity, we varied the parameters between 10% 

and 110% of their values.  Because those variables also had no scaling exponent, we 

varied their exponent values between -0.1 and 0.1.  We then changed each parameter, one 

at a time, among the divisions within this range and calculated the maximum real part of 

the eigenvalue each time.  We then found the highest maximum eigenvalue (the 

maximum of the maxima), which indicates the greatest amount of instability of the 

model.  We performed this process for each parameter, providing a maximum of the 

maxima for each parameter.  

Nutrient pulse 

 Injections of nutrients can potentially have large effects on planktonic 

communities (Coale et al. 1996, Duarte et al. 2000).  To examine the effect of a nutrient 

addition on the planktonic size structure and provide an example of instability in the 
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model, we first found the steady-state solution of the model using parameters calculated 

as described above and with an initial total nitrogen concentration of 15 µmol N l-1.  After 

initialization at steady state, we added a nutrient pulse of 5 µmol N l-1 and followed the 

phytoplankton and zooplankton for 100 days.  

 

Results and Discussion 

Here we use a synthesis of updated literature values to describe the size-

dependency of planktonic variables.  In these efforts, we have compromised between 

specificity and generality.  For example, we chose to focus explicitly and in detail on 

protistan microzooplankton, to the exclusion of larger metazooplankton.  Because 

microzooplankton are often the main grazers in a community (Calbet and Landry 2004), 

this focus allows us to more realistically simulate the impact and dynamics of these 

important planktonic components.  

We have also generalized our parameterizations by combining different functional 

groups of both phytoplankton and microzooplankton.  While other studies have argued 

for distinguishing among various taxa or groups (e.g., Banse 1982, Edwards et al. 2012), 

as discussed in more detail below, our combination of various organisms makes the 

parameterizations, and subsequently the model, more generalizable and thus more 

applicable to a wider variety of ecosystems.  These syntheses of planktonic rates will help 

increase our understanding of a fundamental property – size-dependence – which 

underlies important planktonic dynamics observed in nature.  These allometric 

relationships also aid in modeling natural communities by simplifying the rate 

parameterizations for diverse components of planktonic assemblages.   
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Below, we also put these size-dependent patterns in the context of previously 

published allometric scalings.  Because our motivation was to determine the allometric 

scaling of variables in the Poulin and Franks (2010) model and our units (esd, day-1, µmol 

N l-1, etc.) may differ from choices in other parameterizations, comparisons between this 

and other studies are qualitative at best.   

Within our modeling context, we are also able to examine how these underlying 

processes shape the planktonic community under various nutrient regimes.  We also aim 

to understand what processes lead to our model outputs being similar to or different than 

what is observed in nature.    

Phytoplankton parameterization 

Maximum phytoplankton growth rate decreases with increasing size (Fig. 3.1, 

Table 3.1): larger phytoplankton have a lower maximum specific growth rate than 

smaller phytoplankton.  This relationship is based on 79 temperature-corrected data 

points with r2= 0.28 (p<0.01).  The temperature corrected rates are compared with the 

uncorrected rates to calculate traditional Q10 values according to the equation 

ϖ20
ϖ( )

10
20−T =Q10 , where ω20 is the temperature-corrected value, ω the uncorrected value, and 

T is the experimental temperature (in °C).  These Q10 values ranged from 0.84 to 1.42, 

which, while slightly smaller than, for example, the commonly used 1.88 of Eppley 

(1972), are still not unreasonable.  

The debate about the relationship of phytoplankton growth rate with size is 

highlighted in early studies on the subject.  Williams (1964) and Eppley and Sloan (1966) 

both found negative correlations between size and growth rate for phytoplankton.  
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Fenchel (1974) extended the relationship between maximum growth rate and weight to a 

variety of organisms.  Different groups of organisms had different relationships, but all 

decreased with size.  Banse (1976) also found a decrease in size among single-celled 

autotrophs.  However, a revision of his work and those of others (Banse 1982) led to a 

weaker relationship, which was different for diatoms and dinoflagellates.  Similarly, 

Chan (1978) and Sommer (1989) found a weak relationship of growth rate with size for 

marine autotrophs.  However, Mizuno (1991) examined the size-dependence of growth 

rate for 19 species of aquatic diatoms and also reviewed these early studies.  He found 

that growth rate did indeed decrease with size, that the relationship was significant, and 

that his relationship was not significantly different from most of the previously published 

studies.  Tang (1995) did a more extensive study of the size-dependence of algal growth 

rates and also found a significant decrease with size that was not markedly different from 

these previous works.  

More recently, Edwards et al. (2012) found a decrease in maximum autotrophic 

growth rate with increasing size for both marine and freshwater species.  Furthermore, 

the relationship was different between the two groups.  In this study, however, we have 

included only marine and estuarine species and thus have not made any distinction 

between them.   

Taken together, these studies give us confidence that the size-dependencies for 

growth are real.  The addition of other organisms in this study continues to support the 

decrease in rates with size.   

Contrary to the phytoplankton growth rate, the phytoplankton half-saturation 

constant showed an increase with increasing size (Fig. 3.2, Table 3.1; 31 data points, r2 = 
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0.45, p<0.001).  Thus, relatively larger phytoplankton need a higher nutrient 

concentration to reach half their maximum growth rate compared to smaller 

phytoplankton.  The decrease in half-saturation constant with size has also been shown 

before.  Eppley et al. (1969) found that larger cells have higher half-saturation constants 

than smaller cells.  Furthermore, they found that faster-growing cells have lower half-

saturation constants than slower growing cells, which is also supported by the allometric 

relationships in this study.  Edwards et al. (2012) also found an increase in nitrogen half-

saturation constant with increasing cell volume.  Similar to maximum growth rate, they 

found a significant difference between the relationship for freshwater species compared 

to marine organisms.  Our parameterization only includes marine species and so does not 

warrant this comparison.     

Because larger phytoplankton have a lower maximum growth rate, require higher 

nutrient concentrations to reach half their maximum rate, and loss was modeled as 

constant for all size classes, smaller phytoplankton are at an advantage in the absence of 

predation.  That is, relatively smaller phytoplankton would be competitively dominant 

without grazers.   

Microzooplankton parameters 

Maximum microzooplankton grazing rate g varies inversely with size (Fig. 3.3, 

Table 3.1) and is significant (r2 = 0.32, p<0.01, n = 46).  This relationship is based on the 

temperature corrected values.  Similar to what was described above for µ, we compared 

these g values with the uncorrected rates to compute Q10 values to which our corrections 

correspond.  These corresponding Q10 numbers vary from 2.43 to 2.53, which are within 

the range of values estimated for a variety of microzooplankton (e.g., Aelion and 
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Chisholm 1985, Verity 1985, Caron et al. 1986, Choi and Peters 1992).  Therefore, this 

method leads to temperature corrected rates that are within the range of those calculated 

with a Q10 value.    

Our observed decrease in maximum grazing rate with increasing size is supported 

by previous studies.  Given that many of the data used in this study came from Hansen et 

al. (1997), it is not surprising that they showed a similar negative relationship between 

predator volume and maximum ingestion rate, both when examining their entire data set 

and within specific subgroups (e.g., metazooplankton, dinoflagellates, etc.).  Fenchel 

(1980) found a similar inverse relationship, based on compiled measurements of ciliates, 

and Moloney and Field (1989) also used a negative exponent in their allometric 

relationships between maximum specific ingestion rate and body mass.  Contrary to these 

results, Peters (1994) found that ingestion rate increased with increasing predator volume.  

However, for his study, realized ingestion rate rather than maximum ingestion rate was 

used.   

Similar to g, the grazing half-saturation constant kz (Fig. 3.4) decreased with 

increasing size (r2 = 0.35, p<0.01, n = 40; Table 3.1).  Unlike g, support from the 

literature for this parameter is not as clear-cut.  For instance, Hansen et al. (1997) did not 

find a significant relationship between size and grazing half-saturation constant.  

However, this result may be partly due to the method of calculation.  kz was determined 

from the ratio of maximum clearance rate and maximum ingestion rate.  Because a 

common slope was forced through both, kz was independent of size.  However, they did 

find a significant relationship when examining subsets of their data.  Specifically, the 

protozooplankton had a significant negative relationship between kz and cell volume, 



! 89 

while the dinoflagellates had a positive relationship.  Nevertheless, they do point out that 

ciliates, which were generally larger in size, had lower kz values than did dinoflagellates, 

which were generally smaller.   

Fenchel (1980) examined the grazing half-saturation constant for several ciliate 

species but did not compare it directly with size.   Instead, he looked at its relationship 

with optimal prey size and found an inverse relationship.  In the present study, grazer size 

was proportional to prey size with a 1:1 ratio.  Therefore, assuming these are their 

optimal prey sizes (these are the only particles they can eat), an inverse relationship 

between kz and optimal prey size is proportional to an inverse relationship between kz and 

grazer size.   

Contrary to the above microzooplankton parameters, gross growth efficiency Γ 

(Fig. 3.5) was size independent (r2 = 0.003, p=0.84, n = 14; Table 3.1), with the 

confidence intervals encompassing zero.  Therefore, in our analyses below, we used the 

average value of 0.32 (Table 3.1).  Straile (1997) found gross growth efficiency to be 

independent of grazer functional group, with mean and median values between 0.2 and 

0.3.  Hansen et al. (1997) also found no difference among taxonomic groups, with a mean 

value of 0.33.  While neither study specifically examined the size-dependency of this 

parameter, the lack of differentiation among various types of grazers, which can be 

considered to roughly correspond with changes in size, helps support the size-

independence of Γ.   

The size-dependent relationship of g indicates that larger microzooplankton graze 

at a lower maximum rate than do smaller grazers.  However, they also have a lower half-

saturation constant compared to smaller grazers.  Therefore, at lower prey concentrations, 
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larger microzooplankton have higher grazing rates than smaller microzooplankton.  

However, due to the competitive advantage of smaller phytoplankton, there are smaller 

abundances of prey items for larger zooplankton.  At higher prey concentrations, smaller 

microzooplankton have a higher specific grazing rate.  

Size distributions 

 The steady-state normalized phytoplankton size-biomass spectrum generated by 

our parameterization of the Poulin and Franks (2010) model has a slope of -0.97 and an 

intercept of 2.25 (Fig. 3.6a.).  Similar to the phytoplankton, the microzooplankton 

spectrum also decreases with increasing size and is concave downward (Fig. 3.6a.), with 

biomass falling off quickly at larger size classes.  For the linear portion of the normalized 

microzooplankton spectra (up to ~35 µm esd), the intercept is 1.66 and the slope is -1.80.   

Summing the total phytoplankton and zooplankton biomass in all size classes yielded a 

zooplankton:phytoplankton ratio of 0.19.  The size range for both spectra is 0.81 to 

135.15 µm when NT = 15 µmol N l-1.   

A closer examination of the model’s governing equations [Eqs. (2-4)] highlights 

the parameters that determine the spectral slopes.  Following the reasoning outlined in 

Poulin and Franks (2010), the equation that governs P*, the phytoplankton that exist at 

equilibrium, is 

P*= kz
Γg /Δ−1

    (5), 

which is Eq. (8) from Poulin and Franks (2010), modified to match the notation used in 

this study.   
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 Because phytoplankton biomass is on the order of 0.01 µmol N l-1 and kz is on the 

order of 10 to 0.1 µmol N l-1, at steady state grazing can be assumed to be linear.  Thus, 

Eq. (5) simplifies to  

P*= kzΔ
Γg

=
kz,0s

ekzΔ0s
eΔ

Γ0s
eΓg0s

eg
    (6) 

 

which is Eqs. (19, 20) from Poulin and Franks (2010), where A0 indicates a coefficient 

for a variable A = kz, Δ, Γ, g, and eA indicates the exponent for variable A. 

 Putting the values from Table 3.1 into Eq. (6) and simplifying yields 

P*= kz,0s
−0.64Δ0s

0

Γ0s
0g0s

−0.66 =
kz,0Δ0
Γ0g0

s0.02    (7).   

Subtracting 1 from the above exponent to take into account a normalized spectrum results 

in a slope of -0.98, which is extremely close the slope of -0.97 of the phytoplankton 

spectrum in Fig. (3.6a).  From Eq. (7) we can see that the size dependencies of the 

grazing parameters g and kz offset each other.  Furthermore, Eq. (7) also demonstrates 

that the phytoplankton biomass spectrum is determined by the microzooplankton 

parameters.   

 The microzooplankton spectrum is a little more difficult to analyze in this 

manner, but we attempt to do so with some simplifications.  From Eq. (22) of Poulin and 

Franks (2010), the microzooplankton biomass at equilibrium Z* is 

Z*= P*+kz
g

!

"
#

$

%
& µ

N
N + ks

−λ
!

"
#

$

%
&     (8).   
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Again, the notation has been changed to match that used in the present study.  Because ks 

is on the order of 0.1 to 1 µmol N l-1 and N is on the order of 0.01 µmol N l-1, nutrient 

uptake can also be assumed to be linear.  Recalling that grazing can also be assumed to be 

linear and adopting the same notation as above, Eq. (8) simplifies to   

Z*= kz
g

!

"
#

$

%
& µ

N
ks
−λ

!

"
#

$

%
&=

kz,0s
ekz

g0s
eg

!

"
#

$

%
& µ0s

eµ N
ks,0s

eks
−λ0s

eλ
!

"
##

$

%
&&    (9). 

Putting in the exponent vales from Table 3.1 and simplifying, Eq. (9) becomes 

Z*= kz,0s
−0.64

g0s
−0.66

"

#
$

%

&
' µ0s

−0.26 N
ks,0s

0.48 −λ0s
0

"

#
$$

%

&
''=

kz,0
g0

s0.02
"

#
$

%

&
' µ0

N
ks,0

s−0.74 −λ0
"

#
$$

%

&
''  (10).   

Again, subtracting 1 to account for the normalized biomass, the microzooplankton 

spectrum predicted from the analytical solution is approximately -1.74, which is very 

close to the -1.82 we obtained for the linear portion of the numerically derived spectrum 

in Fig. (3.6a).  Noting that the exponent in the first term in Eq. (10) is close to zero, the 

microzooplankton size-biomass slope is mostly governed by the difference of the size 

dependencies of the phytoplankton growth rate and their half-saturation constant.  This 

result suggests that the size spectrum of the microzooplankton is controlled by the growth 

rates of their phytoplanktonic prey – larger phytoplankton grow more slowly, leading to a 

lower relative biomass of large microzooplankton. 

 From these analytical solutions, we can see which parameters are important for 

determining each planktonic spectrum.  Counter-intuitively, Eq. (6) shows that the 

microzooplankton parameters determine the phytoplankton distribution, and Eq. (9) 

shows that the phytoplankton parameters largely govern the microzooplankton size 

spectrum.  Thus the phytoplankton are top-down controlled, while the microzooplankton 
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are under bottom-up control.  This exercise clearly shows how varying the allometric 

scalings of any of the parameters will affect either planktonic size distribution.   

 The negative slopes and decrease in normalized biomass with increasing size for 

both planktonic spectra has been observed in aquatic systems.  For example, Rodriquez 

and Mullin (1986) found a decrease in normalized biomass of both ‘microplankton’ and 

‘macroplankton’ in the North Pacific Central gyre.  In freshwater systems, Ahrens and 

Peters (1991) and Sprules and Munawar (1986) also found downward-sloping normalized 

biomass spectra of plankton in various North American lakes.   

 The increase in the relative proportion of large plankton compared to small 

plankton with increasing nutrients and/or total biomass is a common feature of aquatic 

systems (Sprules and Munawar 1986, Ahrens and Peters 1991, Chisholm 1992, Landry 

2002, Uitz et al. 2006).  Such an increase in the relative importance of larger plankton 

can occur in two non-mutually exclusive ways: 1) by changing the spectral slope b to 

give a less-steep spectrum, or 2) by an extension of the size spectrum toward larger sizes 

with no change in the spectral slope.   

We tested these two hypotheses with our model by comparing the steady-state 

spectra produced by two total nutrient NT values: 15 and 20 µmol N l-1 (Fig. 3.6).  With 

the higher total nutrient, the parameters of the phytoplankton spectrum remained 

basically unaltered (Fig. 3.6b); the slope did not change, and the intercept varied only 

slightly from 2.25 to 2.23 µmol N l-1.  While the zooplankton spectral shape was still 

concave downward and decreased with size, it also shifted upward (the intercept of the 

linear fit moved from 1.66 to 3.13 µmol N l-1).  Furthermore, the 

zooplankton:phytoplankton ratio increased to 0.32, and the size range of the plankton 
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increased to include larger size classes.  The increased size range of both spectra as well 

as the upward shift of the zooplankton spectrum with increased total nutrients effectively 

increased the total biomass of both state variables and decreased the relative proportion 

of the small size classes, in agreement with observations (Ahrens and Peters 1991, 

Chisholm 1992). 

The elongation of the size range is in keeping with other model results 

(Armstrong 1994, Thingstad 1998, Irwin et al. 2006).  Raimbault et al. (1988) and 

Chisholm (1992) suggest that as total biomass increases, a given size class of 

phytoplankton may reach a biomass threshold; total biomass is only increased by adding 

additional, larger phytoplankton size classes.  However, we do note that this feature may 

only hold in nature for the largest and smallest plankton (Goericke 2011).  While the 

zooplankton in our model may not have reached such a threshold (the biomass of each 

size class increased with total biomass), the phytoplankton size classes may have.  These 

model results are further supported by increasing the total nitrogen concentration to 40 

µmol N l-1.  Even at that high value, the phytoplankton spectral parameters still change 

very little while the zooplankton continue to shift up, and both spectra increase their 

maximum size range (data not shown), consistent with field observations.   

Model stability 

 An examination of the maxima of the maxima of the eigenvalues (Fig. 3.7) 

indicates that they are all positive.  That is, for all permutations of parameters we tested, 

the system is unstable to small perturbations.  The inverse of the magnitude of these 

eigenvalues provides the minimum e-folding time scale of the instability – a measure of 

how long it takes the variable (in this case the phytoplankton and zooplankton biomass) 
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to change by a factor of e (~2.718).  Because our rates are measured in day-1, the e-

folding time scale is in terms of days.  The highest value in Fig. 3.7 (which would 

correspond to the shortest amount of time) is ~3.4*10-4 day-1, which corresponds to a 

time scale of ~3000 days.  Therefore, despite the instability of the system, it takes over 

three years for the planktonic biomass to change by a factor of ~2.7 due to the unstable 

nature of the model’s dynamics.  Given that physical forcings would tend to create much 

larger changes in plankton biomass through nutrient injections, subduction, sinking, and 

changes in light, the long time scale of the model’s inherent instability is not a concern 

for model studies up to the annual time scale. 

Model dynamics 

Under certain conditions, planktonic communities can show marked responses to 

additions of nutrients.  For example, with the addition of iron to a high nutrient-low 

chlorophyll (HNLC) region in the equatorial Pacific, both the autotrophic and 

heterotrophic communities increased in biomass, with larger size classes typically being 

responsible for most of that change (Coale et al. 1996, Landry et al. 2000, Schartau et al. 

2010).    

To explore the modeled ecosystem response to a perturbation using our standard 

parameterization (Table 3.1), we examined the phytoplankton and zooplankton biomass 

anomalies with time after a nutrient pulse was added (Fig. 3.8).  Note that this pulse of 

nutrients is different than our steady-state increase in total nutrients NT, described above.  

In that case, the steady-state solution was set up separately with an NT of 15 and then 20 

µmol N l-1 (Fig. 3.6).  Here, the steady-state solution with 15 µmol N l-1 (Fig. 3.6a) was 
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first created and subsequently perturbed with an additional 5 µmol N l-1, and followed in 

time as it evolved.  

For each day after this nutrient pulse, we calculated the phytoplankton and 

zooplankton biomass, normalized by the size class width, and subtracted that value from 

the steady-state solution to give phytoplankton and zooplankton biomass anomalies 

relative to the initial condition.  We then plotted the anomaly for each size class with time 

(Fig. 3.8).  These anomalies indicate that, while the system is indeed unstable (it does not 

return to steady state within the 100 days, nor regularly oscillates), the phytoplankton 

biomass anomaly is never greater than ~3 µmol N l-1 (Fig. 3.8a) and the 

microzooplankton biomass anomaly is never more than ~2 µmol N l-1 (Fig. 3.8b).  That 

is, the planktonic biomass values do not become unrealistically high or low compared to 

the steady-state values, even over the course of 100 days.   

The dominance of smaller phytoplankton would be greater without the impact of 

grazing.  However, because smaller microzooplankton graze at a higher rate than larger 

microzooplankton, and because, in this model, grazers only consume one size class of 

phytoplankton equal in size to their own, there is a higher grazing pressure on the smaller 

size classes.  Therefore, growth of the smaller phytoplankton size classes is held in check 

by grazing, constraining the biomass and allowing the existence of the larger, less-

competitive phytoplankton (Poulin and Franks 2010).   

We can see this balance disrupted when the nutrient pulse is added.  In the first 

few days of the nutrient pulse, zooplankton biomass does not significantly change (Fig. 

3.8b).  Without an increased grazing pressure, the phytoplankton biomass at the small end 

of the spectrum increases (Fig. 3.8a) due to their competitive dominance.  As the 
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zooplankton biomass increases with time due to an increase in their prey, the 

phytoplankton anomaly decreases through grazing, particularly among the small size 

classes (Fig. 3.8).  

Although this initial increase in small phytoplankton biomass with increased 

nutrients is contrary to observations from other studies (Sprules and Munawar 1986, 

Ahrens and Peters 1991, Chisholm 1992), the discrepancy may be a matter of timing.  

Other studies, particularly field studies, often examine the proportion of a size class with 

respect to general nutrient gradients (e.g., coastal and offshore, eutrophic and 

oligotrophic) or to natural or experimental dissolved nutrient concentrations, without 

detailed information of the dynamics that led to this state.  Temporal studies reveal much 

more complex patterns of planktonic community response to nutrient additions.  For 

example, Duarte et al. (2000) found that picoplankton were faster to respond to nutrient 

enrichment compared to larger size classes.  Schlüter (1998) found that planktonic 

growth and grazing rates were variable throughout the several days of her experiment, 

and planktonic taxonomic groups did not react uniformly (e.g., picoplankton biomass 

remained stable while dinoflagellates increased the most).  Furthermore, Barber and 

Hiscock (2006) point out that non-diatom biomass initial increased more then diatom 

biomass after an addition of iron to natural communities, and Landry et al. (2000) found 

that various groups of both autotrophs and heterotrophs responded differently during the 

duration of the same experiment.   

Because our ecosystem is simulated, we are able to observe the changes in 

biomass with time after the nutrient conditions have been altered.  In our model the 

phytoplankton anomaly was greater in the larger size classes compared to the smaller size 
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classes only after ~40 days since the addition of nutrients (Fig. 3.8a).  The 

microzooplankton anomalies (Fig. 3.8b), in contrast, show higher increases in biomass 

for the small size classes relative to the large sizes at all times.  

To investigate the underlying dynamics that led to our observed temporal, size-

dependent anomaly patterns, we plotted the size-dependent phytoplankton growth and 

microzooplankton grazing rates versus time (Fig. 3.9).  For both rates, at least for the first 

~ 30 days, there is a general decrease with increasing size, as expected from our 

allometric scalings of the parameters.  The phytoplankton growth rate increased with time 

(Fig. 3.9a), but the increase was only significant for the smaller size classes.  The 

microzooplankton grazing rate generally decreased with time for the smaller size classes, 

becoming lower among these smaller sizes compared to the larger size classes beginning 

around day 30 (Fig. 3.9b).  The decreased rates extended to larger size classes below ~10 

µm in size with time, and only began to increase among the smallest size classes around 

day 75.  Among size classes greater than 10 µm, grazing rate decreased with size during 

the entire 100 days.   

The importance of these temporal rate changes is highlighted by a comparison of 

Figs. 8 and 9.  Specifically, the phytoplankton anomaly (Fig. 3.9a) resembles the 

microzooplankton grazing rate (Fig. 3.9b), while the microzooplankton anomaly (Fig. 

3.8b) mirrors the phytoplankton growth rate (Fig. 3.9b).  These features are similar to the 

results of Eq. (7) for phytoplankton and Eq. (10) for microzooplankton.  Here, this 

crisscrossing of features stems from the higher microzooplankton grazing rate compared 

to the phytoplankton growth rate after nutrients are pulsed into the system (Fig. 3.9).  The 

phytoplankton anomaly (Fig. 3.8a) mirrors the microzooplankton grazing rate (Fig. 3.9b) 
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because the phytoplankton are being consumed faster than they are growing, thus the 

change in phytoplankton biomass is dictated by the grazing rate.  Furthermore, because 

the grazing rate exceeds the phytoplankton growth rate, the microzooplankton biomass is 

limited by the rate at which phytoplankton are growing.  These processes lead to the 

microzooplankton anomalies (Fig. 3.8b) resembling the phytoplankton growth rate (Fig. 

3.9a).  The highly resolved dynamics illustrate that the phytoplankton biomass is 

dominated by top-down control of their microzooplankton grazers, which are able to 

grow and thus keep pace with their prey items.  This feature of microzooplankton 

keeping phytoplankton communities in check has also been observed in nature, 

particularly for smaller size classes of phytoplankton (e.g., Landry et al. 1997, Landry et 

al. 2000, Goericke 2002, Landry 2002, Strom et al. 2007).   

An examination of nutrient enrichment experiments shows that the responses of 

communities to nutrient additions can be varied.  For example, iron addition in the HNLC 

equatorial Pacific led most noticeably to an increase in pennate diatoms over the several 

days of experimentation (Coale et al. 1996).  A closer examination of taxon-specific rates 

also found variations in both growth and grazing rates for prokaryotic and eukaryotic 

autotrophs throughout the duration of their iron addition experiment (Landry et al. 2000).  

For example, prokaryotic rates largely balanced one other, particularly during the later 

part of the experiment, while eukaryotic autotrophs initially experienced a decrease in 

grazing rate followed by increases in both rates.  In a mesocosm experiment, the addition 

of nitrogen led to dinoflagellates increasing the most (Schlüter 1998).  Using enclosures 

of estuarine communities, D’Elia et al. (1986) found that there were three different types 
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of responses of communities to nutrient enrichment, which varied depending on the 

season: rapid and marked, delayed and weak, or negligible.   

These differing dynamics are most likely the result of different taxonomic groups, 

nutrient requirements, and time scales of observation.  Given that our model is general 

rather than tailored toward a specific environment, it is not surprising that our results do 

not perfectly match any of these diverse ecosystems.  However, there are elements from 

these studies that correspond to our observations.  The initial increase in phytoplankton 

biomass is similar to other nutrient addition experiments that showed marked and 

immediate increases in phytoplankton concentration within a day of nutrient enrichment 

(D'Elia et al. 1986, Schlüter 1998, Landry et al. 2000, Barber and Hiscock 2006).  

Furthermore, Duarte et al. (2000) also had results similar to ours in that picoplankton 

(~<2 µm) were the cells that increased first, and it was only later that larger size classes 

began to dominate.  Barber and Hiscock (2006) also point out that while larger 

phytoplankton, namely diatoms, may eventually dominate the response to transient 

nutrient additions, the smaller picoplankton may dominate the initial response due to their 

overwhelming biomass and are always present despite subsequent increases in larger 

organisms.    

Overall, these analyses indicate a close coupling between microzooplankton and 

phytoplankton when the ecosystem is perturbed with nutrients.  In particular, the 

phytoplankton dynamics are influenced by the microzooplankton grazing, and the 

microzooplankton biomass changes are limited by the phytoplankton growth rates.  Our 

investigation of the underlying dynamics indicates the influence these two trophic levels 
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have on one another under non-steady state conditions and what the most important 

influences are on their size distributions.   

 

Concluding remarks 

            In this study we have examined the parameterization and model dynamics of a 

size-structured NPZ model.  In our parameterization effort, we have determined the 

allometric scaling for fundamental processes affecting phytoplankton and 

microzooplankton growth and grazing.  However, phytoplankton and microzooplankton 

mortality were parameterized as constants for all size classes due to the scarcity of 

mortality rates in the literature.  We hope that future studies will help determine these 

rates for a wider size range and variety of organisms to better determine their allometric 

scalings for use in future models.   

            Using our parameterization, we were able to reproduce features seen in the field, 

including the decrease in normalized biomass with increasing size.  Our initial increase in 

biomass of small phytoplankton with nutrient addition, while contrary to some studies, 

has been observed in the others, particularly among studies that examine the temporal 

changes in planktonic communities with fine-scale resolution. We hope the results of this 

study will stimulate researchers to continue to measure highly resolved environmental 

conditions and fluxes and the subsequent variation in size distributions of planktonic 

biomass to better understand their response to a changing environment.  
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Fig. 3.1.  Maximum phytoplankton growth rate values and regression parameters.   
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Fig. 3.2.  Phytoplankton half-saturation constant values and regression parameters. 
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Fig. 3.3.  Maximum microzooplankton grazing rate values and regression parameters. 
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Fig. 3.4.  Microzooplankton half-saturation constant values and regression parameters.   
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Fig. 3.5.  Microzooplankton gross growth efficiency values and regression parameters. 
  

101 10210!2

10!1

100

esd, m

gr
os

s g
ro

wt
h 

ef
fic

ien
cy

, d
im

en
sio

nle
ss

!

Schmoker et al. 2011
Kamiyama et al. 2005
Pelegri et al. 1999
Andersen 1988/1989
Hollen and Boraas 1991
Geider and Leadbeater 1998
Strom 1991
Hansen 1992
Strom and Buskey 1993
Jeong and Latz 1994
Verity 1985
Jacobson and Anderson 1993
Regression



! 108 

 
 
Fig. 3.6. Normalized steady state phytoplankton and zooplankton biomass, determined 
using Eqs. (2-4) and the parameterizations in Table 1. a: NT = 15  µmol N l-1. b: NT = 20 
µmol N l-1.   
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Fig. 3.7.  Maximum of the maxima eigenvalues based on varying the parameters of Table 
3.1 within their 95% confidence intervals where appropriate, between 10 and 110% of the 
values if there were no confidence intervals, or between -0.1 and 0.1 if the value was 
zero.  e(x) signifies the exponent and c(x) signifies the coefficient of variable x (see Eq. 
1).   
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Fig. 3.8. Changes in normalized biomass anomalies for the phytoplankton and 
zooplankton versus size and time after a nutrient pulse.  a.  Phytoplankton.  b.  
Zooplankton.   
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Fig. 3.9. Changes in growth and grazing rates versus size and time after a nutrient pulse.  
a.  Phytoplankton growth rate.  b.  Microzooplankton grazing rate.   
  

tim
e,

 d

 

 

0 0.5 1 1.5 2

20

40

60

80

100

!3

!2.5

!2

!1.5

!1

!0.5

0
tim

e,
 d

log10(esd), m
 

 

0 0.5 1 1.5 2

20

40

60

80

100

!3

!2.5

!2

!1.5

!1

!0.5

0

!

log10(growth 
rate), d-1

log10(grazing 
rate), d-1

a.a.a

b.b



! 112 

Table 3.1.  List of parameters estimated from a compilation of literature sources.  NA 
means not applicable. 

Parameter Coefficient 
(95% 

confidence 
intervals) 

Exponent 
(95% 

confidence 
intervals) 

Units 

total nutrients, NT 15 
(NA) 

NA µmol N l-1 

zooplankton half saturation constant, kz 17.92  
(7.64, 42.05) 

-0.64  
(-0.92, -0.35) 

µmol N l-1 

maximum zooplankton grazing rate, g 33.96 
(15.02, 76.80) 

-0.66  
(-0.94, -0.37) 

d-1 

zooplankton gross growth efficiency, Γ* 0.31  
(0.13, 0.79) 

-0.02 
(-0.32, 0.28) 

dimensionless 

zooplankton loss rate, Δ 0.025  
(NA) 

0  
(NA) 

d-1 

phytoplankton half saturation constant, ks 0.33  
(0.16, 0.68) 

0.48  
(0.23, 0.73) 

µmol N l-1 

maximum phytoplankton growth rate, µ 2.08  
(1.56, 2.78) 

-0.26  
(-0.35, -0.17) 

d-1 

phytoplankton loss rate, λ 0.0015  
(NA) 

0  
(NA) 

d-1 
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Supplemental Material 

Table 3.1 SM.  Phytoplankton maximum specific growth rate values and sources.  All 
values are in terms of d-1.  Experimental temperatures and sources for esd (equivalent 
spherical diameter) are also listed.    

  

Organism esd (µm) Source for size Parameter value Temperature (°C) Source
Synechococcus sp. 1.36 Popp et al. 1998 0.55 20 Timmermans et al. 2005
Pelagomonas calceolata 3.00 Timmermans et al. 2005 0.90 20 Timmermans et al. 2005
Prasinomonas capsulatus 4.00 Timmermans et al. 2005 1.19 20 Timmermans et al. 2005
Katodinium rotundatum 8.84 Vertiy et al. 1992 2.60 30 Fahnenstiel et al. 1995
Ochromonas minima 4.41 Novarino et al. 1997 1.80 29 Fahnenstiel et al. 1995
Dunaliella tertiolecta 7.85 Eppley and Sloan 1966 1.32 21 Eppley and Sloan 1966
Emiliania huxleyi 3.40 Eppley and Sloan 1966 1.28 21 Eppley and Sloan 1966
Syracosphaera elongata 13.81 Eppley and Sloan 1966 1.56 21 Eppley and Sloan 1966
Peridinium trochoideum 25.07 Eppley and Sloan 1966 0.89 21 Eppley and Sloan 1966
Cyclotella nana 7.49 Eppley and Sloan 1966 1.30 21 Eppley and Sloan 1966
Skeletonema costatum 8.42 Eppley and Sloan 1966 1.46 21 Eppley and Sloan 1966
Thalassiosira rotula 18.98 Eppley and Sloan 1966 1.19 21 Eppley and Sloan 1966
Coscinodiscus wailesii 303.24 Eppley and Sloan 1966 0.48 20 Eppley and Sloan 1966
Coscinodiscus asteromphilus 85.48 Eppley and Sloan 1966 0.36 20 Eppley and Sloan 1966
Thalassiosira fluviatilis 30.60 Eppley and Sloan 1966 1.12 20 Eppley and Sloan 1966
Ditylum brightwellii 40.58 Eppley and Sloan 1966 1.03 20 Eppley and Sloan 1966
Nitzschia closterium 3.13 Williams 1964 2.21 19.5 Williams 1964
Nitzschia laevis 3.81 Williams 1964 1.95 19.5 Williams 1964
Navicula sp. 5.80 Williams 1964 1.31 19.5 Williams 1964
Navicula sp. 10.33 Williams 1964 1.74 19.5 Williams 1964
Nitzschia thermaloides 12.15 Williams 1964 1.04 19.5 Williams 1964
Nitzschia obtusa var. scalpelli formis 17.89 Williams 1964 1.03 19.5 Williams 1964
Gyrosigma fasciola 15.39 Williams 1964 0.82 19.5 Williams 1964
Cylindrotheca gerstenbergeri 16.88 Williams 1964 0.83 19.5 Williams 1964
Bacillaria paradoxa 16.77 Williams 1964 0.69 19.5 Williams 1964
Gyrosigma spencerii 18.32 Williams 1964 0.61 19.5 Williams 1964
Amphiprora alata 28.41 Williams 1964 0.90 19.5 Williams 1964
Rhopalodia musculus 23.15 Williams 1964 0.48 19.5 Williams 1964
Nitzschi sigma 32.93 Williams 1964 0.76 19.5 Williams 1964
Pleurosigma angulatum 43.02 Williams 1964 0.42 19.5 Williams 1964
Pseudopedinella pyriforme 9.47 Ostroff and Van Valkenburg 1978 0.63 15 Ostroff et al. 1980
Chaetoceros sp. 4.06 Chan 1978 2.02 21 Chan 1978
Skeletonema costatum 8.74 Chan 1978 1.73 21 Chan 1978
Cylindrotheca fusiformis 8.49 Chan 1978 2.00 21 Chan 1978
Thalassiosira floridana 9.14 Chan 1978 2.05 21 Chan 1978
Thalassiosira eccentrica 36.28 Chan 1978 1.46 21 Chan 1978
Gymnodinium simplex 9.14 Chan 1978 0.87 21 Chan 1978
Amphidinium carterae 11.52 Chan 1978 0.71 21 Chan 1978
Scrippsiella sweeneyae 29.90 Chan 1978 0.57 21 Chan 1978
Prorocentrum micans 26.73 Chan 1978 0.42 21 Chan 1978
Prorocentrum micans 21.70 Falkowski et al. 1985 0.18 18 Falkowski et al. 1985
Isochrysis galbana 4.77 Falkowski et al. 1985 1.20 18 Falkowski et al. 1985
Thalassiosira weisflogii 14.14 Falkowski et al. 1985 1.80 18 Falkowski et al. 1985
Skeletonema costatum 6.75 Langdon 1987 1.10 15 Langdon 1987
Olisthodiscus luteus 12.90 Langdon 1987 0.60 15 Langdon 1987
Gonyaulax tamarensis 27.30 Langdon 1987 0.39 15 Langdon 1987
Chaetoceros calcitrans 3.89 Thompson et al. 1991 2.07 17.5 Thompson et al. 1991
Thalassiosira pseudonana 4.76 Thompson et al. 1991 2.11 17.5 Thompson et al. 1991
Chaetoceros gracilis 5.01 Thompson et al. 1991 1.87 17.5 Thompson et al. 1991
Chaetoceros simplex 5.22 Thompson et al. 1991 2.05 17.5 Thompson et al. 1991
Phaeodactylum tricornutum 5.01 Thompson et al. 1991 1.36 17.5 Thompson et al. 1991
Dunaliella tertiolecta 7.57 Thompson et al. 1991 1.45 17.5 Thompson et al. 1991
Isochrysis galbana 4.58 Thompson et al. 1991 1.39 17.5 Thompson et al. 1991
Heterosigma akashiwo 14.99 Thompson et al. 1991 1.51 17.5 Thompson et al. 1991
Micromonas pusilla 2.23 Thompson et al. 1991 0.89 17.5 Thompson et al. 1991
Gyrodinium c. aureolum 22.82 Garcia and Purdie 1992 0.26 20 Garcia and Purdie 1992
Thalassiosira pseudonana 11.37 Blasco et al. 1982 1.92 18 Blasco et al. 1982
Skeletonema costatum 10.04 Blasco et al. 1982 1.25 18 Blasco et al. 1982
Coscinodiscus sp. 17.28 Blasco et al. 1982 0.62 18 Blasco et al. 1982
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Table 3.2 SM.  Values and sources for the growth half-saturation constant, which are all 
in units of µmol N l-1.  Sources and values are also given for esd (equivalent spherical 
diameter).   

 
  

Organism esd (mm) Source for size Parameter value Source
Emiliania huxleyi BT-6 5.00 Eppley et al. 1969 0.10 Eppley et al. 1969
Emiliania huxleyi F-5 5.00 Eppley et al. 1969 0.15 Eppley et al. 1969
Chaetoceros gracilis 5.00 Eppley et al. 1969 0.30 Eppley et al. 1969
Cyclotella nana 5.00 Eppley et al. 1969 0.47 Eppley et al. 1969
Skeletonema costatum 8.00 Eppley et al. 1969 1.22 Eppley et al. 1969
Leptocylindrus danicus 21.00 Eppley et al. 1969 1.46 Eppley et al. 1969
Rhizosolenia stolterfothii 20.00 Eppley et al. 1969 0.90 Eppley et al. 1969
Rhizosolenia robusta 85.00 Eppley et al. 1969 5.23 Eppley et al. 1969
Ditylum brightwellii 30.00 Eppley et al. 1969 0.85 Eppley et al. 1969
Coscinodiscus lineatus 50.00 Eppley et al. 1969 2.30 Eppley et al. 1969
Coscinodiscus wailesii 210.00 Eppley et al. 1969 4.25 Eppley et al. 1969
Asterionella japonica 10.00 Eppley et al. 1969 1.03 Eppley et al. 1969
Gonyaulax polyedra 45.00 Eppley et al. 1969 7.48 Eppley et al. 1969
Gymnodinium splendens 47.00 Eppley et al. 1969 2.45 Eppley et al. 1969
Monochrysis lutheri 5.00 Eppley et al. 1969 0.55 Eppley et al. 1969
Isochrysis galbana 5.00 Eppley et al. 1969 0.10 Eppley et al. 1969
Dunaliella tertiolecta 8.00 Eppley et al. 1969 0.75 Eppley et al. 1969
Synechococcus sp. 1.36 Popp et al. 1998 2.37 Timmermans et al. 2005
Pelagomonas calceolata 3.00 Timmermans et al. 2005 1.04 Timmermans et al. 2005
Prasinomonas capsulatus 4.00 Timmermans et al. 2005 1.04 Timmermans et al. 2005
Skeletonema costatum 4.48 Romeo and Fisher 1982 2.12 Romeo and Fisher 1982
Asterionella japonica 5.62 Romeo and Fisher 1983 1.03 Romeo and Fisher 1982
Nitschiella logissima 4.58 Romeo and Fisher 1984 0.79 Romeo and Fisher 1982
Chaetoceros debilis 8.99 Harrison and Conway 1977 0.70 Conway and Harrison 1977
Skeletonema costatum 6.30 Harrison and Conway 1977 0.70 Conway and Harrison 1977
Thalassiosira gravida 19.21 Harrison and Conway 1977 0.70 Conway and Harrison 1977
Thalassiosira weissflogii 15.97 Lomas and Glibert 2000 2.80 Lomas and Glibert 2000
Skeletonema costatum 9.19 Lomas and Glibert 2000 0.40 Lomas and Glibert 2000
Chaetoceros sp. 5.14 Lomas and Glibert 2000 3.10 Lomas and Glibert 2000
Prorocentrum minimum 12.01 Lomas and Glibert 2000 5.00 Lomas and Glibert 2000
Ethmodiscus spp. 1613.60 Villareal et al. 1999 10.20 Villareal et al. 1999
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Table 3.3 SM.  Microzooplankton maximum specific grazing rate values and sources.  
All parameter values are in units of day-1.  Also listed are the sources for the equivalent 
spherical diameter (esd) values.   
 

 
  

Organism esd (µm) Source for size Parameter value Temperature (°C) Source
Actinomonas mirabilis 5.23 Hansen et al. 1997 15.64 20 Fenchel 1982
Bodo designis 4.69 Hansen et al. 1997 105.07 20 Eccleston-Parry and Leadbeater 1994
Ciliophrys infusionum 3.48 Hansen et al. 1997 41.71 20 Eccleston-Parry and Leadbeater 1994
Codosiga gracilis 4.06 Hansen et al. 1997 36.43 20 Eccleston-Parry and Leadbeater 1994
Diaphanoeca grandis 4.24 Hansen et al. 1997 6.00 15 Andersen 1988/1989
Jakoba libera 5.23 Hansen et al. 1997 2.38 20 Eccleston-Parry and Leadbeater 1994
Monosiga sp. 3.37 Hansen et al. 1997 14.73 20 Fenchel 1982
Ochromonas sp. 4.57 Hansen et al. 1997 16.56 20 Anderson et al. 1989
Ochromonas sp. 7.26 Hansen et al. 1997 25.33 20 Fenchel 1982
Paraphysomonas imperforata 7.40 Hansen et al. 1997 10.56 20 Eccleston-Parry and Leadbeater 1994
Paraphysomonas vestita 7.13 Hansen et al. 1997 14.55 20 Fenchel 1982
Pleoromonas jaculans 4.57 Hansen et al. 1997 9.75 20 Fenchel 1982
Pseudobodo tremulans 5.56 Hansen et al. 1997 10.18 20 Fenchel 1982
Pseudobodo sp. 4.00 Hansen et al. 1997 6.89 15 Rivier et al. 1985
Pseudobodo sp. 3.48 Hansen et al. 1997 8.91 18 Parslow et al. 1986
Spumella sp. 5.00 Hansen et al. 1997 5.50 25 Hollen and Boras 1991
Stephanoeca diplocostata 3.37 Hansen et al. 1997 11.59 18 Geider and Leadbeater 1988
Stephanoeca diplocostata 5.41 Hansen et al. 1997 15.84 20 Eccleston-Parry and Leadbeater 1994
Gymnodinium sp. 11.98 Hansen et al. 1997 1.12 12 Strom 1991
Gyrodinium spirale 28.00 Hansen et al. 1997 4.14 15 Hansen 1992
Oblea rotunda 22.71 Hansen et al. 1997 0.63 20 Strom and Buskey 1993
Protoperidinium crassipes 73.04 Hansen et al. 1997 0.15 19 Jeong and Latz 1994
Protoperidinium divergens 61.03 Hansen et al. 1997 0.59 19 Jeong and Latz 1994
Protoperidinium hirobis 20.02 Hansen et al. 1997 1.73 20 Jacobson and Anderson 1993
Eutintinnus pectinis 30.60 Hansen et al. 1997 1.73 18 Heinbokel 1978
Favella ehrenbergii 73.75 Hansen et al. 1997 5.35 20 Buskey and Stoecker 1988
Favella ehrenbergii 56.73 Hansen et al. 1997 7.81 18 Hansen et al. 1991
Helicostomella subulata 34.23 Hansen et al. 1997 2.41 18 Heinbokel 1978
Lohmaniella spiralis 65.92 Hansen et al. 1997 2.48 12 Jonsson 1986
Strobilidium cf. spiralis 36.99 Hansen et al. 1997 4.87 20 Verity 1991
Strombidium reticulatum 42.43 Hansen et al. 1997 2.88 12 Jonsson 1986
Strombidium sulcatum 26.73 Hansen et al. 1997 15.95 22 Bernard and Rassoulzadegan 1990
Tintinnopsis acuminata 23.85 Hansen et al. 1997 2.45 20 Verity 1985
Tintinnopsis dadayi 59.98 Hansen et al. 1997 3.76 20 Verity 1991
Tintinnopsis vasculus 50.89 Hansen et al. 1997 4.08 15 Verity 1985
Gyrodinium dominans, Harima strain 20.93 Nakamura et al. 1995 8.86 24 Nakamura et al. 1995
Gyrodinium dominans, Tokyo strain 19.69 Nakamura et al. 1995 7.44 24 Nakamura et al. 1995
Strombidium sulcatum 26.73 Bernard and Rassoulzadegan 1990 0.80 20 Christaki et al. 1999
Uronema sp. 10.18 Christaki et al.1999 1.62 20 Christaki et al. 1999
Gyrodinium dominans 19.75 Schmoker et al. 2011 10.08 17 Schmoker et al.2011
Fragilidium cf. mexicanum 54.50 Jeong et al., 1999 1.55 22 Jeong et al., 1999
Gymnodinium sp. 7.00 Jakobsen and Hansen 1997 1.35 15 Jakobsen and Hansen 1997
Balanion comatum 17.00 Jakobsen and Hansen 1997 6.62 15 Jakobsen and Hansen 1997
Paraphysomonas imperforata, Newfoundland strain 7.16 Choi and Peters 1992 9.04 15 Choi and Peters 1992
Paraphysomonas imperforata, Artic strain 7.89 Choi and Peters 1992 10.74 15 Choi and Peters 1992
Favella taraikaensis 79.19 Kamiyama et al. 2005 3.50 15 Kamiyama et al. 2005
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Table 3.4 SM.  Grazing half-saturation constant values and sources.  All parameter values 
are in units of µmol N l-1.  Also listed are the sources for the equivalent spherical 
diameter (esd) values.   
!

!
! !

Organism esd (µm) Source for size Parameter value Source
Actinomonas mirabilis 5.23 Hansen et al. 1997 1.64 Fenchel 1982
Bodo designis 4.69 Hansen et al. 1997 6.30 Eccleston-Parry and Leadbeater 1994
Ciliophrys infusionum 3.48 Hansen et al. 1997 83.43 Eccleston-Parry and Leadbeater 1994
Codosiga gracilis 4.06 Hansen et al. 1997 17.98 Eccleston-Parry and Leadbeater 1994
Diaphanoeca grandis 4.24 Hansen et al. 1997 3.02 Andersen 1988/1989
Jakoba libera 5.23 Hansen et al. 1997 10.01 Eccleston-Parry and Leadbeater 1994
Monosiga sp. 3.37 Hansen et al. 1997 17.40 Fenchel 1982
Ochromonas sp. 4.57 Hansen et al. 1997 5.17 Anderson et al. 1989
Ochromonas sp. 7.26 Hansen et al. 1997 23.06 Fenchel 1982
Paraphysomonas imperforata 7.40 Hansen et al. 1997 2.04 Eccleston-Parry and Leadbeater 1994
Paraphysomonas vestita 7.13 Hansen et al. 1997 18.45 Fenchel 1982
Pleoromonas jaculans 4.57 Hansen et al. 1997 24.74 Fenchel 1982
Pseudobodo tremulans 5.56 Hansen et al. 1997 10.69 Fenchel 1982
Pseudobodo sp. 4.00 Hansen et al. 1997 4.00 Rivier et al. 1985
Pseudobodo sp. 3.48 Hansen et al. 1997 1.68 Parslow et al. 1986
Spumella sp. 5.00 Hansen et al. 1997 24.27 Hollen and Boras 1991
Stephanoeca diplocostata 3.37 Hansen et al. 1997 6.01 Geider and Leadbeater 1988
Stephanoeca diplocostata 5.41 Hansen et al. 1997 4.26 Eccleston-Parry and Leadbeater 1994
Gymnodinium sp. 11.98 Hansen et al. 1997 0.21 Strom 1991
Gyrodinium spirale 28.00 Hansen et al. 1997 8.09 Hansen 1992
Oblea rotunda 22.71 Hansen et al. 1997 1.05 Strom and Buskey 1993
Protoperidinium crassipes 73.04 Hansen et al. 1997 2.12 Jeong and Latz 1994
Protoperidinium divergens 61.03 Hansen et al. 1997 5.54 Jeong and Latz 1994
Protoperidinium hirobis 20.02 Hansen et al. 1997 2.43 Jacobson and Anderson 1993
Eutintinnus pectinis 30.60 Hansen et al. 1997 0.44 Heinbokel 1978
Favella ehrenbergii 73.75 Hansen et al. 1997 0.49 Buskey and Stoecker 1988
Favella ehrenbergii 56.73 Hansen et al. 1997 1.29 Hansen et al. 1991
Helicostomella subulata 34.23 Hansen et al. 1997 1.04 Heinbokel 1978
Lohmaniella spiralis 65.92 Hansen et al. 1997 1.44 Jonsson 1986
Strobilidium cf. spiralis 36.99 Hansen et al. 1997 3.22 Verity 1991
Strombidium reticulatum 42.43 Hansen et al. 1997 2.66 Jonsson 1986
Strombidium sulcatum 26.73 Hansen et al. 1997 1.92 Bernard and Rassoulzadegan 1990
Tintinnopsis acuminata 23.85 Hansen et al. 1997 0.57 Verity 1985
Tintinnopsis dadayi 59.98 Hansen et al. 1997 2.21 Verity 1991
Tintinnopsis vasculus 50.89 Hansen et al. 1997 2.08 Verity 1985
Strombidium sulcatum 399.96 Rivier et al. 1985 0.52 Rivier et al. 1985
Paragymnodinium shiwhaense 14.72 Yoo et al. 2010 1.76 Yoo et al. 2010
Favella taraikaensis 79.19 Kamiyama et al. 2005 2.17 Kamiyama et al. 2005
Gyrodinium dominans, Harima strain 20.93 Nakamura et al. 1995 2.77 Nakamura et al. 1995
Gyrodinium dominans, Tokyo strain 19.69 Nakamura et al. 1995 0.63 Nakamura et al. 1995
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Table 3.5 SM.  Microzooplankton gross growth efficiency values and sources.  All values 
are dimensionless.  Sources for esd (equivalent spherical diameter) are also listed.     
 

!
! !

Organism esd (µm) Source for size Parameter value Source
Diaphanoeca grandis 4.24 Hansen et al. 1997 0.34 Andersen 1988/1989
Spumella sp. 5.00 Hansen et al. 1997 0.50 Hollen and Boras 1991
Stephanoeca diplocostata 3.37 Hansen et al. 1997 0.40 Geider and Leadbeater 1988
Gymnodinium sp. 11.98 Hansen et al. 1997 0.21 Strom 1991
Gyrodinium spirale 28.00 Hansen et al. 1997 0.36 Hansen 1992
Oblea rotunda 22.71 Hansen et al. 1997 0.29 Strom and Buskey 1993
Protoperidinium divergens 61.03 Hansen et al. 1997 0.28 Jeong and Latz 1994
Protoperidinium crassipes 73.04 Hansen et al. 1997 0.28 Jeong and Latz 1994
Protoperidinium hirobis 20.02 Hansen et al. 1997 0.40 Jacobson and Anderson 1993
Tintinnopsis vasculus 50.89 Hansen et al. 1997 0.49 Verity 1985
Tintinnopsis acuminata 23.85 Hansen et al. 1997 0.41 Verity 1985
Gyrodinium dominans 19.75 Schmoker et al. 2011 0.06 Schmoker et al. 2011
Favella taraikaensis 79.19 Kamiyama et al., 2005 0.29 Kamiyama et al., 2005
Pteridomonas danica 36.10 Pelegri et al. 1999 0.22 Pelegri et al. 1999
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Chapter 4. 

Testing the size-dependent dilution method with three size-structured nutrient-

phytoplankton-zooplankton models 

 

Abstract 

 The dilution method is a common technique for measuring growth and grazing 

rates of phytoplankton communities in the field.  An extension of this method to measure 

growth and grazing rates of different size classes of phytoplankton is the size-dependent 

dilution method.  Here, we test the accuracy of that method to estimate known rates in 

three complex, non-linear models.  Each model is a version of a size-structured nutrient-

phytoplankton-zooplankton (NPZ) model that varies in the allowed zooplankton grazing.  

Model 1 allows grazing on one size class of phytoplankton, Model 2 includes herbivorous 

grazing on many size classes, and Model 3 has omnivorous grazing on many size classes.   

 After simulating a dilution experiment in each of these ecosystems, we assessed 

the ability of the size-dependent dilution method to accurately retrieve the known model 

growth and grazing rates.  A comparison of the dilution- and model-derived rates showed 

that the size-dependent dilution method can accurately estimate size-specific rates in each 

model.  Biases are small and restricted to very low rates (102 d-1).  Omnivory also affects 

the accuracy of the size-dependent dilution method.   

 Using a global sensitivity analysis, we determined which model parameters most 

influenced the method’s ability to estimate the size-specific rates.  The parameters that 

affected the overall accuracy of the method tend to be associated with the size-specific 

pattern, rather than the magnitude, of that variable. The most influential parameters also
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commonly have interactive effects with other variables.  Overall, the size-dependent 

dilution method accurately reproduces known model rates in each of our simulated 

environments, providing support for its use in the field to measure size-dependent rates.   

 

Introduction 

Planktonic communities perform many fundamental roles in oceanic ecosystems 

(Falkowski 2012).  Phytoplankton, zooplankton, and bacteria form the foundation of the 

marine food web (Azam et al. 1983, Fenchel 1988) and contribute to the ocean’s 

biogeochemical cycling by taking up, consuming, and remineralizing organic material 

(Morel and Price 2003, Riebesell 2004).  To accomplish these various functions, 

planktonic organisms exhibit a great diversity of ecological and physiological traits.   

There are a variety of ways of categorizing and describing this diversity, one of 

which is the systematic change in properties with size – allometry.  In particular, many 

traits scale with size s according to the equation  

c = asb      (1) 

where c is the trait, a is the scaling coefficient, and b is the scaling exponent (Gould 

1966).   

Among the properties known to scale allometrically are growth (Mizuno 1991, 

Edwards et al. 2012) and grazing (Hansen et al. 1997) rates.  These size-dependent rates, 

however, are often measured from laboratory cultures grown under optimal conditions.   

Measuring rates of growth and grazing in the field as opposed to controlled 

laboratory settings is difficult to do.  Among the methods available, one of the most 

common techniques to measure growth and grazing rates of the bulk phytoplankton 
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community in their natural environment is the dilution method (Landry and Hassett 

1982).    

In the dilution method, plankton populations are serially diluted with different 

fractions of filtered seawater.  Dilution decreases the encounter rate between predators 

and prey, which is assumed to scale linearly with the fraction of filtered seawater.  After 

incubating the diluted and undiluted populations over time (usually for 1 day), the rate of 

change in the phytoplankton biomass can be calculated according to the equation  

net growth rate= 1
t
ln Pt

P0

!

"
#

$

%
&= µd − dgd    (2) 

in which Pt is the final phytoplankton biomass, P0 is the initial biomass, t is time, µd is 

the dilution method growth rate, and d is the fraction of unfiltered seawater, and gd is the 

dilution method grazing rate.   

Regressing the net growth rate against d, growth rate µd is estimated from the y-

intercept and grazing rate gd is the slope.  If the net growth rate can be assumed or tested 

to scale linearly with d (Landry et al. 1984, Landry et al. 2011), only two dilution 

treatments (traditionally one diluted and one undiluted sample) are needed to estimate the 

µd and gd.   

In an extension of this method, Taniguchi et al. (in press, Chapter 2) formalized 

the application of the two-point dilution method to estimate size-resolved growth and 

grazing rates of different size classes of organisms.  In this method, the “size-dependent 

dilution method”, changes in the phytoplankton population within a size class j are 

determined according to the equation 
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net growth rate for size class j = 1
t
ln

Pt, j
P0, j

!

"
##

$

%
&&= µ j − dgj   (3) 

Other than size resolution, this equation is the same as Eq. (2).  This method has the 

advantage that it can be applied in the field to measure size-dependent rates of natural 

communities.   

In Taniguchi et al. (in press) the size-dependent dilution method was tested using 

the size-structured nutrient-phytoplankton-zooplankton (NPZ) model of Poulin and 

Franks (2010).  Here we assess the accuracy of this technique more thoroughly using a 

suite of increasingly complex size-structured ecosystem models.  Specifically, this study 

aims to determine whether the size-dependent dilution method can reproduce size-

dependent growth and grazing rates in nonlinear, complex, size-structured modeled 

ecosystems.  To address this goal, we simulate dilution experiments in three models with 

increasingly complex trophic interactions: 1) predators that eat only one size class of 

phytoplankton, 2) predators that consume several size classes of phytoplankton, and 3) 

predators eat several size classes of both phytoplankton and zooplankton.  We then 

perform a sensitivity analysis, determining which variables most affect the ability of the 

size-dependent dilution method to accurately estimate the known model growth and 

grazing rates.  Finally, we provide suggestions of constraints on the use of the size-

dependent dilution method to accurately measure size-dependent rates of natural 

communities and to better understand the dynamics of these organisms in their oceanic 

environment.   

 

Methods  
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Size-structured models 

To test the size-dependent dilution method, we used three size-structured nutrient-

phytoplankton-zooplankton (NPZ) models of increasing ecosystem complexity.  The base 

model is that of Poulin and Franks (2010), with some modifications as highlighted in 

Taniguchi et al. (in prep).  The model is explained in detail in its original publication, but 

we will describe it briefly here, as well as describing the other two models for which it is 

a foundation.   

The three models we use are referred to as follows: Model 1, herbivorous grazing 

on one size class of phytoplankton; Model 2, herbivorous grazing on multiple size classes 

of phytoplankton; and Model 3, omnivorous predation on multiple size classes of 

phytoplankton and zooplankton.  While the three models differ in very fundamental 

ways, they share a similar framework.  All three size-structured NPZ models are 

described by the equations 

NT = N + P(si )+ Z(si )
i=1

n

∑
i=1

n

∑
    (4)

 

dP(s)
dt

= P(s) µ(s) N
N + ks (s)

−λ(s)− g(rs) Z(rs)
P(s)+ kz (rs)

"

#
$

%

&
'
   (5)

 

dZ(rs)
dt

= Z(rs) Γ(rs)g(rs) F(s)
F(s)+ kz (rs)

−Δ
$

%
&

'

(
)
   (6)

 

F = α jβ
j=1

l

∑
     (7).  
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Eq. (4) is the equation for total nutrients NT (µmol N l-1), which is a sum of the dissolved 

nutrients N (µmol N l-1), the phytoplankton biomass P (µmol N l-1) in each of n size 

classes s (µm), and the zooplankton biomass Z (µmol N l-1) in each of the n zooplankton 

size classes.   We note that size is a linear dimension, specifically diameter.  

Eq. (5) describes the rate of change of the phytoplankton biomass of a given size 

class s.  The first set of terms in this equation is a rectangular hyperbolic function that 

describes the growth of phytoplankton as a function of dissolved nutrient concentration, 

where µ is the maximum phytoplankton growth rate (day-1) and ks is the nutrient half 

saturation constant for phytoplankton (µmol N l-1).  The middle term λ is a general loss 

term (day-1), which we consider to be non-grazing mortality.  The third set of terms in Eq. 

(5) represents grazing mortality.  Similar to phytoplankton growth, it is also has a 

rectangular hyperbolic form in which g is the maximum zooplankton grazing rate (day-

1), kz is the zooplankton grazing half saturation constant (µmol N l-1), and r is the 

predator-to-prey size ratio or the size ratio around which potential prey size classes are 

distributed.   

Eq. (6) describes the rate of change of zooplankton biomass.  The first set of 

terms describes zooplankton growth.  It is similar to the final term in Eq. (5), since 

zooplankton grow from their consumption of phytoplankton.  Zooplankton convert only a 

fraction of what they consume into grazer biomass, according to the gross growth 

efficiency Γ (dimensionless).  We note that this term is different from the assimilation 

efficiency γ of the original Poulin and Franks (2010) model.  The last term in Eq. (6) is Δ, 

the zooplankton loss rate (day-1).  In contrast to the phytoplankton loss rate, we assume 
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that this value could include predatory mortality as well as non-predator mortality (e.g., 

viruses).  We also note that Δ is much more constrained here than the general 

zooplankton loss rate term δ in the original model, which included metabolic loss.   

F is the amount of food available to the grazers (µmol N l-1).  This term 

differentiates each model – it determines whether the zooplankton are herbivorous or 

omnivorous, how many size classes they consume, and how that consumption is 

distributed among prey size classes.  The available food is modeled according to Eq. (7) 

where α, the grazing kernel, determines which phytoplankton and/or zooplankton size 

classes a zooplankter eats and how consumption is distributed among l different size 

classes of prey items.  In Model 1, zooplankton consume one size class based on r.  In 

Model 2, zooplankton consume several size classes of prey, with the preferred size class 

based on r and decreased preference with increasing prey size, for a specified number of 

prey size classes η.  In Model 3, predators consume several size classes of prey (both 

phytoplankton and zooplankton) weighted for preferential predation on the prey size class 

determined by r. The amount of each size class consumed depends on prey abundance 

and the weighting for that size class. Zooplankton switch their consumption to abundant 

size classes of lower preference in order to maximize their ingestion. The variable β 

represents the prey types that a zooplankter can consume.  For Models 1 and 2, in which 

the zooplankton are herbivorous, β = P.  For Model 3, β includes both P and Z because 

zooplankton are omnivores.  

Morris method for sensitivity analysis 
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Our sensitivity analysis aims to determine which parameters most affect the 

ability of the dilution method to estimate accurately the known growth and grazing rates 

for each of the three ecosystem models.  For this analysis, we use a technique based on 

Morris (1991).  The Morris method is designed to determine whether each factor in the 

model has only a slight effect on the model output, a linear influence, or an interactive 

effect with other parameters.  

We chose the Morris method for three main reasons.  First, it is global, meaning 

that it examines the effect of a parameter when other parameter values are also changing.  

Second, it does not make any assumptions about the model (e.g., that it is additive, linear, 

etc.).  Third, it is computationally inexpensive.   

The Morris method is also qualitative.  There is no absolute measure of a 

parameter’s effect on the model output; instead, the importance of each parameter is 

relative.  While the details of the method are described in its original publication and also 

in other works (e.g., Saltelli et al. 2004, Campolongo et al. 2007), we will describe it 

briefly here.   

To perform the sensitivity analysis using the Morris method, a few initial 

decisions must be made.  First, a base set of k parameters is defined.  When using the 

method, all parameters are scaled to 1 and are allowed to vary within the set A=(0, 1/(p-

1), 2/(p-2),…,1), where p is some positive integer.  Therefore, the second decision is to 

choose the value of p.  The higher the value of p, the more potential values each 

parameter can take on, thus increasing the parameter space explored.  Previous studies 

(Campolongo and Saltelli 1997, Campolongo et al. 1999) have shown that p = 4 is a good 

choice to allow enough variation around the base parameter value.   
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The last decision is the choice of the model metric f, which indicates model 

performance.  For this study, for example, we chose f to be the correlation coefficient 

between the dilution method rate and the known model rate.  

The Morris method is based on a value called an elementary effect d.  The ith 

elementary effect di is calculated according to the equation  

 

di (x) =
f x1, x2,..., xi ±Λ, xi+1,..., xk( )− f x( )

Λ
   (8) 

 

where i=1, 2,…, k, x = (x1, x2,…,xk) is a set of parameter values such that each value is 

within A, Λ is a fraction [preferably equal to p/2(p-1); (Saltelli et al. 2004)], and xi is 

defined such that xi+Λ is also in A.  

Each parameter is varied from the base set of parameters, one at a time, and the 

model metric f is calculated with that new parameter change.  Each elementary effect is 

then computed based on two consecutive calculations of f.  Therefore, each consecutive f 

is evaluated at a set of parameter values that differ by only one value.  However, this 

method is not a typical one-at-a-time method because once a parameter is changed, it 

does not get changed back.  All k parameters are eventually altered from the base set of 

parameters.  Note also that an elementary effect is never calculated using the base set of 

parameters; at least one parameter and up to k parameters vary from the base set for each 

calculation of f. 

The process of varying each parameter one at a time from the base set is done 

randomly using a series of randomly assigned matrices [see Morris (1991); Saltelli et al. 
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(2004) for more information].  The process is performed ρ times, where ρ > 4 (Saltelli et 

al. 2004).  Each of the k parameters consequently has pk-1[p-Λ(p-1)] elementary effects 

associated with it.  The set of elementary effects for each variable is then used to create a 

distribution Hi, for i=1, 2,…, k.   

In the original description of this method, Morris (1991) suggested examining the 

mean Mi of each Hi to determine the overall effect of the ith parameter on the model 

output and the standard deviation σi of Hi to determine a parameter’s interactive effect 

with other parameters.  Here, while we still examine σi, we take the suggestion of 

Campolongo et al. (2007) and examine the distribution Gi of the absolute values of the 

elementary effects for the ith parameter.  Using the mean MGi of Gi avoids the possibility 

of elementary effects of different signs cancelling out one another.   

Application of the sensitivity analysis and dilution experiments to the three models 

We applied the Morris method described above to all three size-structured NPZ 

models to determine which parameters most influenced the ability of the size-dependent 

dilution method to estimate the known model growth and grazing rates.  In our sensitivity 

analysis, we began with the base set of parameters listed in Table 4.1.  These values were 

determined using a synthesis of literature results (Taniguchi et al., in prep.).  The other 

parameters necessary for conducting the sensitivity analysis method are listed in Table 

4.2.   

Using the parameters of Table 4.1, Model 1 can be used to create a steady-state 

solution for the state variables (the other models do not have a steady-state solution).  In 

applying Eq. (3) to calculate the dilution method-derived rates, we discovered that 

initializing any of the three models with the steady-state solution of Model 1 does not 
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lead to enough variation in the phytoplankton biomass in a given size class over the 

course of a day (the typical time span of a dilution experiment) to produce statistically 

significant growth and grazing rates.  Instead, we initialized all three models with a 

phytoplankton size distribution that had 15% more biomass than the steady-state solution 

of Model 1 and subtracted the same amount from the zooplankton biomass spectrum to 

keep the total nitrogen in the system at 15 µmol N l-1.  This imbalance of the 

phytoplankton and zooplankton allows for measureable changes in the phytoplankton 

concentrations over 1 day, and statistically robust estimates of growth and grazing rates 

by the dilution method. 

When calculating the rates for comparison, the dilution rates are determined 

according to Eq. (3) from the size-dependent dilution method.  The model grazing rate 

gm(s) for size class s is computed from the equation  

gm (s) = g(rs)
Z(rs)

P(s)+ kz (rs)
    (9).   

The model growth rate µm(s) for size class s is calculated according to 

µm (s) = µ(s)
N

N + ks (s)
−λ(s)     (10).   

We note that µm contains λ, the general phytoplankton loss term.  This term was included 

in our model phytoplankton net growth rate because the losses associated with this term 

(e.g., autolysis, viral infection) are assumed not to be affected by dilution.  Both gm and 

µm are averaged over the duration of the model run time (1 day) and compared with their 

respective size-dependent dilution method rates. 
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Results and Discussion 

Effectiveness of the size-dependent dilution method 

 To determine the effectiveness of the size-dependent dilution method for 

estimating the growth and grazing rates in our complex, nonlinear models, we simulated 

dilution experiments in Models 1, 2, and 3.  Using the spectra shown in Fig 4.1, we 

calculated the size-dependent rates according to Eq. (3).  The zooplankton spectra, which 

affect the phytoplankton spectra and are used to calculate the model (“true”) grazing rate, 

are shown in Fig. 4.2.  Both the normalized phytoplankton and zooplankton spectra 

decrease with increasing size in all three models.  While direct comparisons are difficult 

given differing units, the general decreasing pattern with increasing size has been seen in 

natural aquatic environments (e.g., Rodriguez and Mullin 1986, Sprules and Munawar 

1986, Ahrens and Peters 1991).   

The model-derived and size-dependent dilution technique-derived rates for both 

growth and grazing rates show a good correspondence in all three models, particularly 

among the smaller size classes (Fig. 4.3).  Furthermore, both the model and the size-

dependent dilution method-derived growth and grazing rates show decreases with 

increasing size (Fig. 4.3), which has been seen among maximum rates of laboratory 

cultures as well (Mizuno 1991, Hansen et al. 1997, Edwards et al. 2012). 

Even though the rates are low due to the small change in the phytoplankton 

spectra between their initial and final states (Fig. 4.1), the rates determined using the size-

dependent dilution method are similar to the model rates, indicating that the dilution 

method can accurately estimate rates even in complex models with non-linear nutrient 

uptake and grazing.  The dilution and model rates show a nearly 1:1 relationship between 
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the two estimates (Fig. 4.4), except for growth rates at very low values (i.e., less than 

~10-3 d-1), which correspond to the larger size classes (Fig. 4.3).  Such low growth rates, 

however, are generally lower than can be accurately measured in the field.  

General patterns in the sensitivity analysis 

To determine which parameters most strongly affected the ability of the size-

dependent dilution method to estimate growth and grazing rates, we applied the Morris 

Method to Models 1, 2, and 3.  In his original publication, Morris (1991) suggested 

plotting the mean of the distribution of elementary effects for each parameter against the 

standard deviations σ.  Here, we instead plot the mean of the absolute values of 

elementary effects MG against σ (Fig. 4.5, 4.6).  A high x-axis value indicates a parameter 

has a larger overall affect on the model output, in this case the correlation coefficient 

between the model and dilution experiment rates.  A high y-value indicates a large 

interactive affect with other parameters that influence the model output.  

For both the growth and grazing rates, parameters with high MG values also have 

large σ values (Fig. 4.5, 4.6).  That is, parameters with highest overall influence on the 

model also have large interactive effects with other parameters.  We also note that the 

order of the most influential parameters is remarkably similar for both the growth and 

grazing rate estimates of Models 1 and 2 (Fig. 4.5, 4.6).   

Among the most influential variables in all models, the exponents of parameters 

are more prominent than the coefficients, with the exception of the zooplankton loss rate 

Δ coefficient.  Because the parameter exponents are typically influential (Fig. 4.5, 4.6), 

changes in the rates of the larger size classes, and subsequently the biomass of the larger 
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size classes (since larger phytoplankton are consumed by larger zooplankton), affect 

much of the variation in the accuracy of the size-dependent dilution method.  

The zooplankton parameters also more strongly influence the growth and grazing 

rates than do phytoplankton parameters because zooplankton grazing determines 

phytoplankton biomass.  For example, among all models the exponent for maximum 

grazing rate g strongly influences the ability to recover growth and grazing rates from the 

dilution method.  While the exponent for the growth gross efficiency Γ is also important, 

there is little evidence for any size-dependency in Γ (Taniguchi et al. in prep., Straile 

1997) .  Therefore, we do not explore any changes in it.    

The dilution-derived growth and grazing rates are also sensitive to variations in 

the coefficient for the zooplankton loss rate Δ.  Further, the exponent of Δ influences the 

size-dependent grazing rate estimate from Model 3, as do the exponent for kz and the 

coefficient for g.   

Among phytoplankton-associated parameters, the exponents for the 

phytoplankton loss rate λ and the maximum growth rate µ are also influential.  The latter 

parameter affects the growth rate estimates for all models, and the former the grazing rate 

estimates from Models 1 and 2.   

Changing influential parameters 

Because of the interactive effects of the most influential variables, descriptions of 

their influence on the growth and grazing rates are not straightforward.  Therefore, when 

examining the effects of parameter changes below, we provide two examples of the 

interactive effects of the most influential variables among all models that demonstrate 

typical effects of changing two parameters simultaneously. 
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In the first example, we examine the effect of varying the exponents for λ and g 

on estimates of size-dependent growth and grazing rates from the dilution method.  The 

exponent of λ was chosen somewhat arbitrarily, due to the paucity of information 

concerning non-grazing mortality of phytoplankton (Bidle and Falkowski 2004).  

However, there is evidence that non-grazing losses may be size-dependent, at least 

among bacteria (Weinbauer and Hofle 1998).  Due to the influence of the exponent of g 

on both the size-dependent growth and grazing rate estimates in all models, we examine 

its interactive influence on the rate estimates in conjunction with λ.   

Decreasing the maximum zooplankton grazing g exponent from -0.66 to -0.7 and 

simultaneously increasing the exponent of λ from 0 to 0.1 still allows good agreement 

between dilution and model rates, except at very low rate values, which are 

underestimated by the size-dependent dilution method (Fig. 4.7a).   

In contrast, decreasing both values (the exponent of g to -0.7 and the exponent of 

λ to -0.1) leads to an overestimation of both growth and grazing by the size-dependent 

dilution method (Fig. 4.7b).  There is actually a negative correlation between the model 

and dilution growth rate estimates (insets in Fig. 4.7b).  However, the rates are on the 

order of 10-2 d-1 or less.   Increasing the grazing exponent to -0.5 and changing the 

exponent of λ to be either positive (0.1) or negative (-0.1) leads to an underestimation of 

both size-dependent growth and grazing rates (Fig. 4.7c, d), particularly for grazing rate 

in Model 3.  

Therefore, weaker size dependence of grazing rate coupled with size-dependency 

of phytoplankton loss rate leads to underestimates of size-dependent growth and grazing 
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rates by the dilution method.  Stronger size dependence of grazing rate with negatively 

sloping general phytoplankton loss rate leads to overestimates.  However, if the losses 

balance one another, such as by increasing the exponent of λ and decreasing that of g, the 

method produces accurate results.  These biases are small and well within the 

measurement errors of most field-derived rates.   

Due to the importance of the exponent of g and the Δ coefficient for both size-

dependent growth and grazing rates, we also examine the interactive effects of changing 

these parameters.  Increasing the exponent of g to -0.5, while changing (either increasing 

to 0.03 or decreasing to 0.02) the coefficient of Δ, leads to underestimates of both size-

dependent growth and grazing (Fig. 4.8a, b).  Decreasing both parameters (g exponent to 

-0.7 and Δ coefficient to 0.02) also leads to underestimates of both rates for all models, 

particularly the lower rates of smaller size classes (Fig. 4.8c).  However, decreasing the g 

exponent and increasing the Δ coefficient gives overestimates of grazing, and a negative 

correlation between the model and dilution-estimated growth rates (Fig. 4.8d), similar to 

decreasing the exponents of λ and g above.  However, we will again note that the 

magnitudes of growth rates for all size classes are on the order of 10-2 d-1 or less.  Indeed, 

the differences between modeled and measured rates for growth and grazing of all size 

classes are all on that same order.    

For all of these parameterization variations, the model and size-dependent dilution 

rates from Models 1 and 2 are very similar, which might be expected given that the 

results of their sensitivity analyses are so similar (Fig. 4.5, 4.6).  It seems, therefore, that 



! 144 

the presence of omnivory most significantly affects the accuracy of the size-dependent 

dilution method.   

 

Using the size-dependent dilution method 

From the above examples, even slight parameter variations can affect 

relationships between the modeled and measured rates.  However, as mentioned above, 

the over- or underestimation associated with these parameter changes is on the order of 

10-2 d-1 or less, even in the case of omnivory (Model 3).  In the field, rates this small may 

be difficult to measure due to sampling and analytical errors.  Therefore, errors inherent 

in the size-dependent dilution method could be overwhelmed by noise of the field 

measurements, consequently leading to negligible inaccuracies in the method’s rate 

estimates.  At the very least, rates on that order should be viewed with caution.   

From the sensitivity analysis (Fig. 4.5, 4.6), several of the parameters that were 

chosen somewhat arbitrarily (those associated with Δ and λ) were found to influence 

accuracy in estimating the size-dependent growth and grazing rates using the dilution 

method.  Therefore, we hope that this work will stimulate others to examine the size-

dependency of non-grazing mortality of plankton.  Future work on these models could 

also explicitly include, for example, sources of loss for zooplankton to more accurately 

parameterize these values and determine their effects on recovery of rate estimates from 

field experiments.  We further note that our general loss terms λ and Δ were small.  In 

situations where these loss terms may be known or suspected to be large, such as during 

an abrupt population decline or areas with rapid sinking (e.g., Brussaard et al. 1995, 
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Massana et al. 2007), it is unclear whether they could introduce biases in recovery of 

size-dependent growth and grazing rates.   

We note that the size-dependent dilution method works best when herbivory is the 

main feeding strategy compared to omnivory.  However, the exact extent to which 

omnivory is prevalent over herbivory is not well studied (Strom 2002).  Some general 

comments concerning each feeding strategy can still be made.  On a theoretical level, 

omnivory will prevail only if the omnivore gains more from eating other consumers than 

it does from eating the common resource, namely phytoplankton (Ptacnik et al. 2004).  

This latter competitive consumer must also be better at consuming phytoplankton than 

the omnivore.  Without such conditions, herbivory may be more prevalent than 

omnivory.   

Such conditions must be relatively common given that omnivory has been 

demonstrated among several types of microzooplankton (e.g., Stoecker and Evans 1985, 

Ptacnik et al. 2004).  Omnivory also has the potential to be widespread among 

microzooplankton given that their predator:prey size ratio is quite small, especially 

among small consumers (Hansen et al. 1994).  However, we note that the size-dependent 

dilution method works well in the omnivorous system among the small phytoplankton 

(Fig. 4.3), which are grazed upon by small microzooplankton.  There is also evidence that 

microzooplankton selectively feed based on much more information than size, such as 

shape, chemical cues, and abundance (e.g., Verity 1991).  Thus, it can be expected, for 

example, that consumers will eat other predators if phytoplankton concentrations are low, 

and herbivory will be more common when phytoplankton concentrations are high.  
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Here we have shown that the size-dependent dilution method can accurately 

estimate size-dependent growth and grazing rates in complex, non-linear, size-dependent 

modeled ecosystems.  The sensitivity analysis demonstrated that allometric exponents of 

the model parameters affected the accuracy of the rate estimates, as did the inclusion of 

omnivory, but parameter variations mostly led to biases that were small and restricted to 

low rates.   Scenarios where rates do not follow typical allometric scaling are outside the 

scope of this study and thus require further testing of the size-dependent dilution method.  

Nonetheless, in the current version of our complex models, the size-dependent dilution 

method accurately reproduces known size-dependent growth and grazing rates, providing 

further support for its use in the field to measure size-specific rates of natural 

communities.  
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Fig. 4.1.  Initial and final, diluted and undiluted phytoplankton spectra from the simulated 
dilution experiments in each of the models.  a. Model 1, b. Model 2, c., Model 3.   
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Fig. 4.2.  Initial and final, diluted and undiluted zooplankton spectra from the simulated 
dilution experiments in each of the models.  a. Model 1, b. Model 2, c., Model 3.   
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Fig. 4.3.  Size-dependent growth and grazing rates from each of the models.  a. Model 1, 
b. Model 2, c., Model 3.   
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Fig. 4.4  Model rate vs. rate estimated with the size-dependent dilution method.  a.  
Model 1, b., Model 2, c., Model 3.   
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Fig. 4.5.  Sensitivity analysis results for the growth rate, with the mean of the absolute 
values of the elementary effects plotted against the standard deviation of the elementary 
effects.  a. Model 1, b. Model 2, c. Model 3.   
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Fig. 4.6.  Sensitivity analysis results for the grazing rate, with the mean of the absolute 
values of the elementary effects plotted against the standard deviation of the elementary 
effects.  a. Model 1, b. Model 2, c. Model 3.   
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Fig. 4.7.  Model vs. size-dependent dilution method rates after changing the exponent of 
g and the exponent of λ.  The bigger plot in each panel is a comparison of the grazing 
rates, and the insets are the growth rates.  a. Results of decreasing the exponent of g and 
increasing the exponent of λ, b. decreasing both variables, c. increasing g exponent and 
decreasing λ, d. increasing both variables.   
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Fig. 4.7, continued.  Model vs. size-dependent dilution method rates after changing the 
exponent of g and the exponent of λ.  The bigger plot in each panel is a comparison of the 
grazing rates, and the insets are the growth rates.  a. Results of decreasing the exponent of 
g and increasing the exponent of λ, b. decreasing both variables, c. increasing g exponent 
and decreasing λ, d. increasing both variables.   
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Fig. 4.8.  Model vs. size-dependent dilution method rates when changing the exponent of 
g and the coefficient of Δ.  The bigger plot in each panel is a comparison of the grazing 
rates, and the insets are the growth rates.  a.  Increasing both variables, b. increasing the 
exponent of g and decreasing the coefficient of Δ (with the extra inset in the bottom left 
corner showing the grazing rate comparison for Model 3), c. decreasing both variables, d. 
decreasing the exponent of g and increasing the Δ coefficient.   
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Fig. 4.8, continued.  Model vs. size-dependent dilution method rates when changing the 
exponent of g and the coefficient of Δ.  The bigger plot in each panel is a comparison of 
the grazing rates, and the insets are the growth rates.  a.  Increasing both variables, b. 
increasing the exponent of g and decreasing the coefficient of Δ (with the extra inset in 
the bottom left corner showing the grazing rate comparison for Model 3), c. decreasing 
both variables, d. decreasing the exponent of g and increasing the Δ coefficient.   
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Table 4.1.  List of the base set of parameters used to test the accuracy of the size-
dependent dilution method and that served as the base set of parameters for the sensitivity 
analysis, taken from Taniguchi et al. (in prep.).  NA means not applicable. *Average Γ is 
0.32.   
 

Parameter Coefficient 
(95% 

confidence 
intervals) 

Exponent 
(95% 

confidence 
intervals) 

Units 

total nutrients, N 15 
(NA) 

NA µmol N l-1 

zooplankton half saturation constant, kz 17.92  
(7.64, 42.05) 

-0.64  
(-0.92, -0.35) 

µmol N l-1 

maximum zooplankton grazing rate, g 33.96 
(15.02, 76.80) 

-0.66  
(-0.94, -0.37) 

d-1 

zooplankton gross growth efficiency, Γ* 0.31  
(0.13, 0.79) 

-0.02 
(-0.32, 0.28) 

dimensionless 

zooplankton loss rate, Δ 0.025  
(NA) 

0  
(NA) 

d-1 

phytoplankton half saturation constant, ks 0.33  
(0.16, 0.68) 

0.48  
(0.23, 0.73) 

µmol N l-1 

maximum phytoplankton growth rate, µ 2.08  
(1.56, 2.78) 

-0.26  
(-0.35, -0.17) 

d-1 

phytoplankton loss rate, λ 0.0015  
(NA) 

0  
(NA) 

d-1 

Number of size classes consumed, η 5 
(NA) 

NA dimensionless 
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Table 4.2.  Parameters used for the Morris method sensitivity analysis.   
 

Parameter Description Value 
p Determines sampling set 

for scaled parameters 
6 

Λ Amount by which each 
scaled parameter is 

changed 

3/5 

f Metric of model 
performance 

Correlation 
coefficient between 
model and dilution 

rates 
ρ Number of iterations of 

changing each parameter 
10 
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Chapter 5. 

Size-specific growth and grazing rates for picoplankton in coastal and 

oceanic regions of the eastern Pacific 

 

Abstract  

 Many process rates in pelagic ecosystems scale systematically with size.   

However, these allometric scalings are often based on laboratory studies or theoretical 

arguments; size-specific measurements from field studies are rare.  Here, we present 

estimates of growth and grazing rates for different size classes of natural picoplankton 

assemblages measured in mixed-layer experiments conducted in three regions of the 

eastern Pacific: the California Current Ecosystem, the Costa Rica Dome, and the 

equatorial Pacific.  Rates both within and among these regions show no systematic trends 

with cell size.  However, there are differences in the magnitudes and size-relationships of 

the rates among regions.  Among regions, the magnitude of the growth rates were found 

to vary with depth of the nitracline and grazing rates with temperature.  This study helps 

highlight that other processes influencing natural picoplankton communities may 

predominate over size-dependent trends.  

 

Introduction 

Organismal size structure is an important characteristic of marine ecosystems. 

Size is a fundamental determinant of trophic interactions (Hansen et al. 1994), with size 

relationships between predators and prey affecting, in turn, the length of food chains and 

energy transfer efficiencies (Barnes et al. 2010).  Size directly influences the magnitude 
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of export and ratios of carbon production to export, with smaller and lower trophic level 

organisms typically sinking slower (Moloney and Field 1991) and contributing less to 

export flux (Michaels and Silver 1988).  Size is also an organizing trait for representing 

the abundance and biomass distributions of marine organisms (e.g., Sheldon et al. 1972, 

Gin et al. 1999, Cavender-Bares et al. 2001, Reul et al. 2008).  

The systematic variation in organism properties with size, termed allometry, 

(Gould 1966), is typically represented by the equation 

r = asb     (1)  

where r is the rate, s is some measure of size, a is a scaling coefficient, and b is the 

scaling exponent.  The exponent indicates whether the dependent variable increases or 

decreases with increasing size.     

In addition to the properties mentioned above, many rates have been found to vary 

allometrically.  Among plankton, allometrically scalable rates (see Chapter 3) include 

growth rates for phytoplankton (Banse 1976, Mizuno 1991) and zooplankton (Hansen et 

al. 1997), respiration (Fenchel and Finlay 1983, Tang and Peters 1995), and half-

saturation constants for nutrient uptake (Eppley et al. 1969, Edwards et al. 2012).  Most 

size-specific rates that have been measured in the laboratory (Banse 1976, Hansen et al. 

1997) or based on theoretical arguments (Moloney and Field 1989, 1991, Armstrong 

1994) are maximal rates.  Under natural conditions, these maximal size-dependent rates 

may not be realized (Marañón 2008, Chen and Liu 2010).  

Environmental properties known to affect planktonic rates include temperature 

(Eppley and Sloan 1966, Eppley 1972, Chen et al. 2012), light (Eppley and Sloan 1966, 

Jassby and Platt 1976), nutrients (Martin and Fitzwater 1988, Elser et al. 1990, Landry et 



!

!

166 

al. 2000, Landry et al. 2008), turbulence (Rothschild and Osborn 1988, Pecseli et al. 

2012), and interactive effects of environmental variables (Eppley 1972, Vidal 1980, Rhee 

and Gotham 1981, Sunda and Huntsman 1997, Riegman et al. 2000, Litchman et al. 

2004, Rose et al. 2009).  For example, phytoplankton growth rates typically increase up 

to a point with increasing temperature (Eppley 1972).  Microzooplankton grazing rates 

have also been shown to increase with temperature faster than phytoplankton growth 

rates in eutrophic environments (Chen et al. 2012).  Those relationships may hold in the 

field, however, where light, nutrients, or food-limitation may constrain rates below 

maximal values.   

In terms of nutrients, increasing concentrations are expected to increase 

phytoplankton growth rates (Elser et al. 1990, Sunda and Huntsman 1997, Landry et al. 

2000).  However, increased nutrient availability has also been shown indirectly to 

influence grazing rates (Worden and Binder 2003), perhaps by affecting prey food 

quality.  Estimating in situ rates in the context of these environmental variables is critical 

for understanding how processes actually affect planktonic communities and underlie 

many properties, such as phytoplankton biomass and nutrient concentration, measured in 

the field.   

A common method to measure bulk community phytoplankton growth and 

grazing rates in the field is the dilution method (Landry and Hassett 1982).   

An extension of this method, the size-dependent dilution method (Taniguchi et al. in 

press, Chapter 2), gives estimates of growth and grazing rates for different sizes of 

phytoplankton.  Specifically, changes in net phytoplankton concentration for different 

sized organisms are measured according to the equation  
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net growth rate for size class i = 

€ 

1
t
ln

Pt,i
P0,i

" 

# 
$ 

% 

& 
' = µi − dgi   (2) 

where i = 1, 2, …, n for n size classes, P0,i and Pt,i are initial and final phytoplankton 

concentrations (cells mL-1) for size class i, and µi and gi are the growth and grazing rates, 

respectively, for size class i.   

The size-dependent relationships are vital rates for natural phytoplankton 

communities and the processes that influence them are critical for understanding the 

factors that drive variability in phytoplankton assemblages and for representing planktonic 

ecosystem dynamics accurately in models.  Here, we use the size-dependent dilution 

method to examine size-specific trends in growth and grazing rates of natural picoplankton 

assemblages collected in three regions of the eastern Pacific: the California Current, Costa 

Rica Dome, and equatorial Pacific.  We test the hypothesis that picoplankton growth and 

grazing rates decrease with increasing size, similar to results estimated in controlled 

environments (e.g., Tang 1995, Hansen et al. 1997).  We also compare the size-dependent 

rates both within and among study regions, and the average rates are described with 

respect to gradients in temperature and potential nutrient availability.   

 

Methods 

Study regions and experiments  

Equatorial Pacific 

The equatorial Pacific (EP) is a tropical area in the central Pacific Ocean (Fig. 

5.1) where active upwelling along the equator brings deeper, nutrient-rich water to the 
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surface.  The equatorial Pacific is a major high-nutrient low-chlorophyll (HNLC) region 

(Barber et al. 1996).  Despite the high macronutrient concentrations, low phytoplankton 

pigment concentrations prevail due to the limited amounts of the micronutrient iron 

(Coale et al. 1996a).  However, microzooplankton grazing is also an important 

mechanism controlling planktonic populations (Landry et al. 1997). 

This region of the Pacific was studied on the Equatorial Biocomplexity cruise of 

2005 (EB05) (Nelson and Landry 2011).  Sampling was performed along a transect at 

0.5°N, with one station at 140°W and the rest approximately 2° apart between 132.5 and 

123.5°W (Landry et al. 2011a) (Fig. 5.1).  Sampling was also conducted along a 

meridional transect along 140°N between 4°N and 2.5°S.   

To estimate rates of phytoplankton growth and losses to microzooplankton 

grazers in this and other regions, two-point dilution experiments (Landry et al. 1995b, 

Landry et al. 2011b), a streamlined version of the traditional dilution method (Landry and 

Hassett 1982), were conducted.  The experimental approach is described briefly here and 

more fully elsewhere (Landry et al. 2011a, Selph et al. 2011).  Sampling was conducted 

at eight depths from the surface to the base of the euphotic zone in early morning CTD 

casts (~0300-0400 h local time).  To eliminate confounding problems with vertical light 

gradients, we only use experiments conducted with mixed-layer water at 50% and 31% of 

surface irradiance.  Given the similar rates found at these two light levels (Landry et al. 

2011a, Selph et al. 2011), we combined samples from these depths to decrease error in 

the rate estimates (Taniguchi et al. in press, Chapter 2).  Dilution treatments (d = 1 and d 

≈ 0.37, the latter diluted with water filtered through a 0.1 µm Suporcap filter) were 

prepared in 2.8-L polycarbonate bottles and incubated for 24 h in calibrated seawater-
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cooled deck incubators that corresponded to the light environment from which the 

samples were taken.  Flow cytometry (FCM) samples (2 mL, 0.5% v/v paraformaldehyde 

preserved, frozen in liquid nitrogen) were taken from both treatments at the beginning 

and end of each incubation.  

!

California Current Ecosystem  

The California Current Ecosystem (CCE) off the coast of the western United 

States and Baja California is part of the eastern boundary current formed from the eastern 

portion of the anticyclonic North Pacific Subtropical Gyre (Lynn and Simpson 1987).  

This region is a coastal upwelling area, with alongshore upwelling-favorable winds 

reaching highest velocities during the spring and summer (Hickey 1979).  Adjacent to the 

coast, winds force surface waters offshore, leading to substantial input of nutrient-rich 

waters from depth into the nearshore environment (Sverdrup, 1938).  Nutrients also enter 

the system through the spatial gradient in winds, called wind-stress curl, which moves 

deep water toward the surface at a slower rate but over a much wider area than coastal 

upwelling (Rykaczewski and Checkley 2008).  

 The dilution experiments used in this study were conducted on the California 

Current Ecosystem Process cruise in 2006 (CCE-P0605) (Landry et al. 2009) during May 

and June, the time of most active upwelling in the region.  This cruise was part of the 

CCE Long Term Ecological Research (CCE LTER) program.  Sampling and 

experimentation occurred on roughly line 80 of the California Cooperative Oceanic 

Fisheries Investigations (CalCOFI) program off Point Conception in southern California 

(Fig. 5.1).  Samples were collected in five different water parcels that were tracked via a 



!

!

170 

satellite-equipped drift array.  The drift array included a holey sock drogue at ~15 m that 

allowed for quasi-Lagrangian tracking of each water parcel for 3-5 days, during which 

time the ecosystem processes could be observed as they evolved during experimental 

“cycles.”  The five experimental cycles ranged from inshore to offshore of the southern 

California coast.  Cycles 1 and 3 were inshore, and Cycles 2 and 5 were offshore (Fig. 1).  

Cycle 4 was nutrient-depleted coastal water that had been advected offshore.  

Experimental seawater was collected at 8 different depths, but here, again, we 

focus on water from the mixed layer, between ~ 5 and 12 m.  The diluted treatment 

contained ~1/3 the amount of unfiltered seawater as the undiluted treatment.  Both 

treatments were placed in 2.8-L polycarbonate bottles and incubated for 24 h in situ in 

mesh bags on the drift array at the depth from which the samples were taken (Landry et 

al. 2009).  Initial and final FCM samples (2 mL) were taken from diluted and undiluted 

treatments and preserved as above for the equatorial Pacific.  Linearity of the dilution 

results was supported in separate experiments.   

!

Costa Rica Dome  

The Costa Rica Dome (CRD) is an upwelling region in the eastern tropical Pacific 

with a mean location of approximately 9°N, 90°W (Fiedler 2002) (Fig. 5.1).  Originally 

described as being caused by opposing currents in the eastern tropical Pacific (Wyrtki 

1964), it has since been shown to develop from local wind stress curl (Hofmann et al. 

1981, Fiedler 2002) or more distant tradewinds coming together at the intertropical 

convergence zone (Umatani and Yamagata 1991).  The resulting upwelling brings deep, 

high-nutrient, low-oxygen water toward the surface (Broenkow 1965).  The amount of 
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upwelling and location of the dome vary seasonally, with the thermocline initially 

shoaling near the coast in February to April before moving offshore and deepening later 

in the year (Fiedler 2002).    

Dilution experiments from the CRD were conducted in July 2010 as part of the 

CRD Flux and Zinc Experiments (FluZiE) cruise.  Similar to the California Current, 

samples were collected during five different experimental cycles tracked for 4 days via a 

drift array equipped with a satellite tracker and holey sock drogue.  Here we focus only 

on Cycles 2-5 (Fig. 5.1), between 10.5° - 8°N and 94° - 88.5°W.  Cycles 2 and 4 were 

near the core of the Costa Rica Dome, as estimated from satellite imagery of chlorophyll 

a and mapping of the flow field with an Acoustic Doppler Current Profiler (ADCP).  

Cycle 3 was located northeast of the core region, and Cycle 5 was closer to the coast.  

Despite the geographical differences within the region, environmental variability among 

the water parcels was not substantial.   

The samples for each experiment in each cycle were collected in early morning 

CTD casts (~0200 h local time).  The undiluted and diluted treatments (d = 1 and d ~ 

0.33, respectively, the latter diluted with 0.1 µm Suporcap filtered seawater) were held in 

2.8-L polycarbonate bottles.  Each bottle was incubated for 24 h in situ, similar to 

samples in the CCE, on the satellite-equipped drift array in net bags at the depth from 

which the samples were taken.  In this study, we focus on samples taken in the mixed 

later at ~12 m depth.   As above, 2 mL samples for FCM analyses were taken from each 

treatment initially and at the end of the incubation. 

 

Flow cytometry sample processing 
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Flow cytometry samples from all study regions were processed similarly.  We 

examine only FCM samples (as opposed to microscopy) to enumerate sufficient cells to 

keep errors on rate estimates within reasonable limits (Taniguchi et al. in press, Chapter 

2).  As discussed further below, there are also advantages to limiting the size range 

examined to smaller cells that are vulnerable primarily to grazing losses by 

microzooplankton.   

FCM samples from each region were thawed, stained with 1 µg mL-1 of Hoechst 

33342 (Monger and Landry 1993), and analyzed with a Beckman-Coulter EPICS Altra 

cytometer, distinguishing three populations: Prochlorococcus, Synechococcus, and 

picoeukaryotes.  These taxa were combined for the size-specific analyses performed here, 

and the light scattering values were normalized with 0.5-µm yellow fluorescent beads.  

To convert normalized light scatter values to cell diameters for the picoplankton 

assemblage, the median forward light scattering values for Prochlorococcus and for 

Synechococcus were regressed against literature-based cell diameters for these taxa: 0.55 

µm for Prochlorococcus (Partensky et al. 1999) and 0.95 µm for Synechococcus (Morel 

et al. 1993).  The resulting relationship was used to assign cell diameter estimates to 

individual cells.  Different regressions using this same technique were calculated and 

used for each study region.   

 

Estimates of size-specific rates and their associated errors 

  For each individual experiment in each region, all analyzed cells (i.e. the 

composite of Prochlorococcus, Synechococcus, and picoeukaryotes) were divided into 

size intervals with bin divisions at 0.45, 0.65, 1.25, 2.75 and 4.00 µm.  Because FCM 
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data sets only resolve picoplankton, counts for cells >4 µm are too low to allow 

statistically robust rate estimates for larger cells (Taniguchi et al. in press, Chapter 2).  

Once the cells were divided into defined size intervals, growth (µ, d-1) and grazing 

(g, d-1) loss estimates for each size class were computed according to Eq. (2).  Following 

the derivations and equations of Taniguchi et al. (in press, Chapter 2), estimates of the 

standard deviations for growth σµ grazing σg, and net growth rate (σnet growth) were 

calculated according to the equations 
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where N0 is the number of cells in the initial undiluted sample, Nt is the number of cells in 

the undiluted incubated sample, N0,d is the cell count in the initial diluted treatment, and 

Nt,d is the cell count in the final diluted sample.  Applying Eqs. (3, 4, 5) to each size class 

provides error estimates for size-specific growth, grazing, and net growth rates, 

respectively.   

   

Environmental variables 



!

!

174 

  To examine the effect of environmental variability on rate measurements in each 

study region, we focus on two fundamental variables: temperature and nutrients.  For 

each sampling region, temperature was measured at the sampling depths using CTD 

sensors attached to a rosette.   

  Nitracline depths in the CCE and EP were taken from previously published 

studies (Landry et al. 2009, Selph et al. 2011, respectively).  In the CRD, nutrients were 

measured from bottle samples taken at 8 depths that ranged from the surface to ~100 m.  

Both exponential and cubic spline interpolations were fit to the curved portion of the 

nitrate + nitrite depth profile, usually between ~10 and 50 m.  The best-fit curve was used 

to estimate the nitracline depth, which was taken as the shallowest depth at which 

nutrients were at least 3 µmol N L-1.     

 

Results 

Intra-regional size-specific rates 

  To facilitate the comparison of size-specific rates within the CCE and CRD 

regions, rates from the separate days of individual experimental cycles were averaged.  

Although this averaging technique makes the rates more conservative by deemphasizing 

daily variability, it provides clearer, more robust comparisons among and within a greater 

geographical region.  Rules for arithmetic operations on standard deviations were used to 

determine the errors associated with the mean values.  Because of the relative constancy 

of µ, g, and community composition observed in the EP and the independence of each 

station estimate (Landry et al. 2011a, Selph et al. 2011), we only consider the regional 

rate averages for this part of the Pacific.   
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CCE 

Overall, the rates of growth, grazing, and net growth for experiment conducted in 

the CCE do not follow consistent trends with size (Fig. 5.2).  For individual cycles, data 

did not readily fit the general allometric curve of Eq. (1) because of negative values for 

some cycles (e.g., µ for Cycles 2 and 5, Fig. 5.2a), or because the patterns were not 

monotonic (e.g., µ for Cycles 1 and 3, Fig 5.2a).  Therefore, to highlight rate differences 

among size classes in this and subsequent comparisons, we used two alternate metrics. 

First, we fit linear regressions to the non-log-transformed size and rate values to 

determined the sign and significance of the slopes.  Second, we compared only the rates 

and error estimates (+ 1 σ) for the largest and smallest size classes to determine if they 

were different.   

Results with these metrics (Table 5.1) show significant size variability for some 

cycles.  For example, growth rates decrease with size in Cycles 2 and 5 (both offshore), 

and increase for Cycle 1 (inshore; Fig. 5.2a, Table 5.1).  Cycle 5 is the only one with 

significant size-dependent variability for grazing rate (decreasing).  Net growth rate 

trends, on the other hand, are all significant except for Cycle 1, and the relationship with 

size (increasing or decreasing) follows the size-variability of growth rate (Table 5.1). 

More striking than the size relationships themselves are the similarities and 

contrasts among cycles in the magnitudes of the rates and the curve shapes, particularly 

for µ (Fig. 5.2a).  For example, Cycles 1 and 3, both from the inshore region of the CCE, 

have generally high growth rates that decrease slightly in the second size class.  Cycle 4, 

which is considered to be offshore-advected water from the direction of Cycle 1, has 
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lower µ values than that cycle, and the rates increase monotonically with size (Table 5.1).  

The growth rates of Cycles 2 and 5, both from the offshore CCE, show monotonically 

decreasing patterns (Table 5.1) with values that become highly negative for the two 

largest size classes.  All growth rates together range from -0.8 to 0.7 d-1.   

For grazing rates (Fig. 5.2b), Cycles 1 and 3 are similar, with depressed values in 

the second size class.  The other cycles each have different size patterns, but rates 

generally overlap within a cycle among at least three size classes.  Only Cycle 5 

(offshore) has a significant decreasing trend (Table 5.1).  The overall range in grazing 

rate estimates, from slightly negative to 0.55 d-1, is much lower than the range in growth 

rates.   

Net growth rates (µ – g) decrease significantly for Cycles 2, 3, and 5 (Fig. 5.2c, 

Table 1), but Cycle 4 shows monotonically increasing net growth rates.  The patterns of 

Cycles 2 and 5 are similar to one another, and those of Cycles 1 and 3 are also similar.  

The overall range in net growth rates is from -0.67 to 0.67 d-1.   

 

CRD 

Overall, rate estimates for the CRD  display much less size variability than the 

CCE.  Growth rates range from 0.45 to 0.8 d-1, grazing rates from 0.5 to 1.2 d-1, and net 

growth rates from -0.45 to 0.15 d-1 (Fig. 5.3).  The only significant rate increases with 

size were for Cycle 3 (both µ and g; Fig. 5.3a, b), and the only significant decrease with 

size was for µ in Cycle 5 (Fig. 5.3c, Table 5.1). 

In terms of the magnitudes of the rates, Cycles 2 and 5 stand out, but in different 

ways.  Cycle 2, from the core of the CRD, generally has lower growth rates, while Cycle 
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3, the most offshore sampling region, has higher grazing rates.  These between-cycle 

differences for µ and g lead to a separation among net growth rates, with Cycle 3 having 

relatively uniform and strong negative values, Cycles 4 and 5 being slightly net positive, 

and Cycle 2 in between.  Consequently, while the net growth rates of Cycles 2 and 3 are 

both negative, they are so for different reasons; Cycle 2 has low growth rates relative to 

the other cycles, while Cycle 3 has the highest grazing rates.  These differences highlight 

the importance of measuring the underlying µ and g rates to interpret net changes in 

planktonic communities.   

 

Inter-regional size-specific rates 

  To compare rates among regions, all rates estimated at each station in the EP and 

for each day of each cycle in the CRD were averaged.  Given the distinct variability 

between inshore and offshore sampling areas within the CCE (Fig. 5.2), these two 

subregions were kept separate.  The inshore region consists of average daily values from 

Cycles 1 and 3.  The offshore region is composed of averaged values from Cycles 3 and 

5.  Cycle 4, a transitional region with intermediate size-dependency, is not included.   

  Among growth rates (Fig. 5.4a), the CRD and EP show similar diminished 

variation among sizes; although, growth rate for the largest EP size class is slightly lower 

than for the smallest size class (Table 5.1).  As expected from the similar patterns of 

Cycles 1 and 3 (Fig. 5.2a), growth rates for the inshore CCE are lowest for the second 

size class.  These three regions (CRD, EP, and inshore CCE) generally have high µ 

values, between 0.5 and 0.75 d-1.  By comparison, growth rates for the offshore CCE 
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decrease dramatically with increasing size (Table 5.1) and have the lowest values (-0.5 to 

0.5 d-1).   

  Grazing rates decrease with size for the EP regional average and for the offshore 

CCE, but only the latter is significant (Table 5.1).  Grazing increases with size for the 

CRD rate averages, while the inshore CCE shows no distinct trend.  In terms of 

magnitude, grazing rates for the two tropical regions, EP and CRD, are significantly 

higher (0.6 to 0.8 d-1) than for either of the CCE subregions (≤ 0.4 d-1).   

  For net growth rates, the offshore CCE shows a significantly decreasing trend 

(Table 5.1) spanning a relatively large rate range (-0.6 to 0.2) d-1.  For the tropical 

regions, net growth is slightly negative and relatively uniform for all size classes.  Only 

the inshore CCE displays positive net growth rate for all size classes (0.3 - 0.5 d-1).   

 

Variations in growth and grazing rate with environmental variables 

To explore the influence of environmental variability on size trends, we examine 

the effect of temperature and potential nutrient availability, as measured by the depth of 

the nitracline, on growth and grazing rates.  For these comparisons, we use average rates 

for size classes in the EP experiments and size class averages for each cycle in the CCE 

and CRD experiments.  Overall, growth rate does not have a significant relationship with 

temperature (Fig. 5.5a).  Grazing rates, however, increase significantly with 

environmental temperature (Fig. 5.5b, p<0.05).    

To put all rates on a similar temperature basis for assessing relationships to 

nutrient availability, we corrected all rates to 20°C using the Metabolic Theory of 

Ecology (MTE) (Brown et al. 2004) approach, in which a metabolic rate R is assumed to 
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vary with temperature T (in K), mass size dependence M α , and activation energy E 

according to the equation R = R0e
−E /kTM α  where R0 is a constant and k is Boltzmann’s 

constant (-8.62x105 eV K-1).  Specifically, we used the concepts outlined in Chen et al. 

(2012) to correct all rates to a single temperature, using their estimate of growth 

activation energy of 0.36 eV for µ and grazing-associated activation energy of 0.67 eV to 

correct g.   

In contrast to the relationship with temperature, regressing temperature-corrected 

µ and g against nitracline depth (Fig. 5.6) reveals a significant relationship for µ only 

(Fig. 5.6a, p<0.05).  Specifically, growth rate decreases with increasing depth of the 

nitracline.   

 

Discussion 

Size range 

Most allometric trends are determined over a size range of several orders of 

magnitude (Fenchel 1974, Tang 1995, Hansen et al. 1997, Edwards et al. 2012).  Here, 

we examine growth and grazing rates for picoplankton only between 0.45 and 4 µm.  

Although this range is small, restricting our study to picoplankton is appropriate because 

our experimental bottles do not contain natural concentrations of metazooplankton, which 

comprise an important component of the grazing impacts on larger phytoplankton.  Thus, 

our small cell emphasis both satisfies the need for high cell counts to meet error 

constraints of the analysis (Taniguchi et al. in press, Chapter 2) and captures the portion 
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of the phytoplankton and grazer community whose dynamics are well represented by 

process rates measured in the bottles.  

 

Size-specific trends in growth and grazing rates 

Classic allometric studies using laboratory measurements predict that growth and 

grazing rates decrease with increasing size (Fenchel 1974, Tang 1995, Hansen et al. 

1997).  However, there are several reasons why our results show low or even opposite 

size relationships.  First, laboratory-based studies typically examine maximal rates, and 

even among those studies, for growth rates in particular, the exact relationships and 

strengths of size trends are controversial (Banse 1982, Sommer 1989, Chisholm 1992, 

although see Mizuno 1991).  Regardless, because our realized rates may reflect 

suboptimal conditions, they may reasonably display different size-specific patterns than 

maximal rates.  

Second, systematic changes in growth rate with size could be masked by the 

varying mixtures of organisms in natural assemblages.  For example, while eukaryotes 

tend to show increases in growth rate with size, there is evidence that the relationship is 

opposite for prokaryotic cells (DeLong et al. 2010, Kempes et al. 2012, although see 

Nielsen 2006).  Because our size-dependent rates pool together prokaryotes and 

eukaryotes, variable amounts of these different cells among size classes could lead to 

differences in size-specific trends.  Without considering any taxonomic divisions, Chen 

and Liu (2010) also found growth rates among natural phytoplankton communities to 

show a unimodal pattern, with cells of 2.8 µm (based on dilution method data) or 5.4 µm 

(based on C14 uptake experiments) diameter having the highest growth rates.  Differences 
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in approaches for assigning growth rates to organism size between that study and this one 

could potentially underlie these different results.   

Grazing rates may also deviate from allometric trends if small size leads to a 

refuge from grazing (e.g., Banse 1982, Monger and Landry 1990), thus decreasing 

grazing pressure on smaller organisms compared to larger ones.  Furthermore, because 

we examine such a small size range, any size-dependent trends that exist over larger size 

ranges and overshadow the trends among smaller organisms are not included.  

In addition, although size-dependent rate measurements from the field are scarce, 

there is evidence based on taxon-specific measurements that growth and grazing rates 

among different groups of picoplankton may be highly variable in nature.  Comparing 

values compiled in Table 2 of Hirose et al. (2008), and assuming that picoeukaryotes are 

larger than Synechococcus, which in turn are larger than Prochlorococcus, there is a wide 

variation in the growth and grazing rate trends of these organisms measured in various 

regions of the world’s oceans.  For example, using the above taxonomic groups as 

general size classes, the southern California Bight and central equatorial Pacific show 

increasing growth rates with size, while those cells measured in the Somali Basin, 

northeast Atlantic, and Uchiumi Bay show the opposite trend (Hirose et al. 2008 and 

references therein).  Among grazing rates, usually the picoeukaryotes have lower rates, 

while Prochlorococcus and Synechococcus vary between having the second and third 

highest rates.  In the southern California Bight and Gulf of Aden, grazing rates are 

highest for the picoeukaryotes.  Despite the apparent variability in size-based trends in 

growth and grazing rates among field studies, we do note that the most significant 

relationships in our study show decreasing growth with increasing size (CCE Cycle 2 and 
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the average CCE offshore), and decreasing grazing with size (average offshore CCE) 

(Table 5.1).   

   

Rates in different regions of the Pacific 

Among regions in the present study, average growth rates for CCE cycle 

experiments show the highest variability (Fig. 5.2a).  The high µ values for Cycles 1, 3, 

and 4 compared to Cycles 2 and 5 and the larger overlap in average g values among 

cycles align with bulk community rates based on Chla measurements (Landry et al. 

2009).  The negative growth rates for >1.25-µm cells in the CCE offshore cycles (Figs. 

5.2a and 5.4a) may indicate sub-optimal growth conditions, bottle effects, or losses that 

are unaccounted for by the dilution method, such as programmed cell death or viral lysis 

(Weinbauer and Hofle 1998, Bidle and Falkowski 2004).   

Two other studies have also examined picoplankton growth and grazing rates in 

the CCE (Worden and Binder 2003, Worden et al. 2004).  In Worden and Binder (2003), 

based on oligotrophic open-ocean experiments in September, growth rates in non-nutrient 

amended samples were 0.56 and 0.65 d-1 for Prochlorococcus and 0.37 and 0.42 d-1 for 

Synechococcus.  Grazing rates were 0.39 and 0.29 d-1 for Prochlorococcus and 0.26 and 

0.34 d-1 for Synechococcus.  These rates are substantially higher than offshore 

measurements made in the present study in springtime, but they were made under 

different environmental conditions.  In Worden et al. (2004), growth rates of 

cyanobacteria and picoeukaryotes measured over two years from nearshore waters 

sampled at Scripps pier ranged from 0.09 to 1.29 d-1, while grazing rates varied from 0.14 
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to 1.09 d-1.  The wide range in both growth and grazing rates among these studies reflects 

dynamic conditions of the CCE that vary spatially and temporally.  

Despite this variability, it is interesting to note that the inshore experimental 

cycles (Cycles 1 and 3) show similar trends to one another compared to the offshore 

regions, particularly with respect to growth rates (Fig. 5.2a).  The offshore sampling 

areas, Cycles 2 and 5, also show similar size-specific patterns to one another, while the 

transitional water parcel, Cycle 4, has a distinct trend.  Therefore, despite pronounced 

variability for the region as a whole, independent experiments in water parcels 

experiencing roughly similar environmental conditions give relatively similar patterns in 

size-specific rates, suggesting that the relative rate behaviors of size classes are linked to 

differences in growth conditions or community compositions within the subregions.   

Within the CRD, similarity within subregions is also apparent (Fig. 5.3).  For 

example, Cycles 3, 4, and 5 all have similar size-dependent growth rate patterns, while 

Cycles 2, 4, and 5 have similar grazing rates.  The lack of more distinct water-parcel 

differences in the CRD likely reflects the very subtle range of environmental variability 

compared to the CCE.     

Community growth rates based on Chla for the equatorial Pacific, which ranged 

from 0.71 to 0.84 d-1 (Selph et al. 2011), are slightly higher than the size-specific 

measurements of this study.  This reflects the higher µ values of eukaryotes, particularly 

diatoms, that are included in the community rates (Landry et al. 2011a).  Conversely, the 

lower bound for grazing rates in this study is comparable to the mean community grazing 

estimate of ~0.60 d-1 (Selph et al. 2011), with the difference explained by lower 

microzooplankton grazing impacts on the larger eukaryotes (Landry et al. 2011a).   
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Because of the lack of appropriate rate information from previous studies in the 

CRD, we have little basis upon which to draw a strong experimentally based distinction 

between the CRD and EP regions.  Both are tropical, open-ocean upwelling systems, 

exhibiting dominance by picoplankton and micronutrient limitation.  Therefore, despite 

some compositional differences, notably the very high concentrations of Synechococcus 

in the CRD (Li et al. 1983, Saito et al. 2005), the close correspondence between 

measured rates in these two regions (Fig. 5.4) suggests that they function similarly with 

respect to size-based patterns of picophytoplankton dynamics. 

Compared to the CCE, rates measured in the CRD and EP experiments were 

much less variable.  In the CRD, growth rates ranged between 0.45 and 0.8 d-1 (Fig. 5.3a), 

and grazing rates varied from 0.5 to 1.2 d-1, with much smaller variability within cycles 

(Fig. 5.3b).  In the EP experiments, µ and g were both between 0.5 and 0.75 d-1 (Fig. 5.4). 

Another characteristic of the EP and CRD experiments was the near zero net growth rates 

of the regional averages (Fig. 5.4c), which is indicative of the tight coupling between 

picoplankton and their microzooplankton grazers in these systems (Landry et al. 1995a, 

Landry et al. 1997, Landry 2002, Landry et al. 2011a, Selph et al. 2011).   

 

Environmental variability 

From our analysis of environmental effects on mean picophytoplankton rates 

across our study region, we found that grazing rate is significantly correlated with 

temperature (Fig. 5.5b), while phytoplankton growth rate correlates significantly with 

nitracline depth (Fig. 5.6a).  Growth and grazing rates both increase with environmental 

temperature (Fig. 5.5), as might be expected.  The fact that the grazing relationship with 
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temperature is significant while the growth rate relationship is not can be attributed, at 

least in part, to differences in rate responses of heterotrophic and autotrophic processes to 

temperature variability that arise because they are regulated by different rate-limiting 

biochemical reactions (Allen et al. 2005, Lopez-Urrutia et al. 2006).  According the 

Metabolic Theory of Ecology (MTE; Brown et al. 2004), the activation energy (~0.6-0.7 

eV) for heterotrophic processes is usually limited by the production of ATP from 

glycolysis and the tricarboxylic acid (TCA) cycle.  For photoautotrophs, however, 

temperature-driven antagonistic effects of oxygen and carbon dioxide binding with 

ribulose bisphosphate carboxylase oxygenase (Rubisco) during photosynthesis lead to a 

lower activation energy of ~0.32 eV (Allen et al. 2005, Lopez-Urrutia et al. 2006).  Based 

on empirical data and theory, therefore, the slopes of temperature-rate relationships for 

heterotrophs are expected to steeper than those for autotrophs, and more likely to be 

found significant.  In addition, it is also evident from Fig. 5.5a that the considerable 

variability in phytoplankton growth rates measured in the CCE is not explained by 

temperature.  

In their global synthesis of rate results from dilution experiments, Chen et al. 

(2012) found that the rate ratio of microzooplankton grazing to phytoplankton growth 

(g:µ) increased with temperature at high chlorophyll levels, confirming that 

microzooplankton grazing was more sensitive to temperature changes than phytoplankton 

growth under eutrophic conditions.  Under oligotrophic conditions (i.e., low chlorophyll 

levels), however, g:µ correlated negatively with temperature, which they ascribe to 

temperature dependency of resource-limitation effects on microzooplankton biomass.      
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To examine the effect of nutrient availability on picophytoplankton growth rate 

(Fig. 5.6a), we used nitracline depth as a proxy for potential nutrient availability rather 

than regressing rates against the measured concentrations of nitrate and nitrite (which 

were the basis of the nitracline depth calculations).  Concentrations are not always a good 

indication of a nutrient’s availability to phytoplankton because of their fast uptake rates 

(Reul et al. 2005, Reul et al. 2006).  Therefore, the rate of nutrient flux into surface 

waters would have been a better variable to use for our analysis.  Nonetheless, even if it 

had been possible to compute rates of nutrient flux, for example from deep-water nutrient 

concentrations and estimates of upwelling, not all of our study systems or organism 

groups are limited by the same resource.  For example, most strains of Prochlococcus are 

not able to take up oxidized forms of nitrogen [although see Martiny et al. (2009)], and so 

the concentration of ammonium, cycled within the upper waters, would be more relevant 

for determining their growth rates as well as the growth rates of other phytoplankton.  In 

addition, the high surface nitrate concentrations found in the EP and some parts of the 

CRD are not readily utilizable by phytoplankton because the regions are limited by 

micronutrients (Coale et al. 1996b, Landry et al. 2000, Saito et al. 2005). 

Recognizing that our study systems and organisms may have different limiting 

nutrients and different mechanisms that make those resources available in the mixed 

layer, we use nitracline depth mainly to distinguish those circumstances where the 

ultimate source of new nitrogen is closer or further away from the depth where the 

resources are needed (Fig. 5.6).  This notion admittedly applies better to the CCE, where 

nitrate is seen as the main limiting resource (Eppley et al. 1979) and which, 

coincidentally, had the most variable growth rates in our experiments.  Although it 
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applies less well for EP and CRD waters, these systems contribute little to the variability 

of growth rate results explained by nitracline depth.  It is in fact, the CCE data that drive 

the negative relationship between growth rate and nitracline depth (Fig. 5.6a), and the 

trend would be even stronger if the EP and CRD data were removed.  Regressing just the 

EP and CRD values against nitracline depth yields no significant relationship (data not 

shown), consistent with rate limitation by factors other than nitrate.   

Focusing on the lower growth rates associated with the deep nitraclines in the 

CCE, low nutrient conditions are expected to be disadvantageous for larger cells 

compared to smaller cells, given the lower surface area to volume ratio for larger 

organisms.  Indeed, it is Cycles 2 and 5 of the CCE, the offshore regions with deep 

nitraclines, which have the most strongly decreasing size-dependent growth trends (Fig. 

5.2a).  What emerges from this study, therefore, is the observation that growth rates of 

picophytoplankton show very little systematic variation with size among several regions 

of the eastern Pacific except under environmental conditions where cell growth rate is 

clearly limited by nutrient availability.  Under such conditions, exemplified by Cycles 2 

and 5 of the CCE, growth rates of larger cells in the size range examined (<4 µm) are 

disproportionately depressed relative to smaller cells.  

Although consistent trends in size-dependent rates of natural populations were not 

observed in this study, size is nonetheless shown to be important when assessing the 

affects of environmental variability on planktonic rates.  To fully understand the 

ecosystem characteristics most influential for planktonic populations, future studies 

should examine the interactive effects of size, environmental variability, and process 

rates.  Only with a more detailed examination of natural communities will be we able to 
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understand what processes affect their populations and accurately model planktonic 

dynamics under variable climatic conditions. 
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Fig. 5.1 Map of study regions.  The black dots represent sampling stations in the 
equatorial Pacific and the beginning location of each experimental cycle in the California 
Current and Costa Rica Dome.  The insets are enlargements of the California Current 
Ecosystem and Costa Rica Dome.   
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Fig. 5.2.  Size-dependent rates in the California Current, averaged for each experimental 
cycle.  The horizontal bars above each circle indicate the extent of one standard deviation 
for each rate measurement.  a. Growth rates. b. Grazing rates.  c. Net growth rates.  
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Fig. 5.3.  Size-dependent rates in the Costa Rica Dome, averaged for each experimental 
cycle.  The horizontal bars above each circle indicate the extent of one standard deviation 
for each rate measurement.  a. Growth rates. b. Grazing rates.  c. Net growth rates.  
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Fig. 5.4.  Size-dependent rates averaged over all experiments in each study region.  The 
horizontal bars above each circle indicate the extent of one standard deviation for each 
rate measurement.  a. Growth rates. b. Grazing rates.  c. Net growth rates.  
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Fig. 5.5. The relationship of rates with temperature.  Panel a shows the relationship of 
growth with temperature, and b the relationship between grazing rate and temperature.  
The rate estimates from the Costa Rica Dome and California Current are averages for 
each experimental cycle.  The rate estimate for the equatorial Pacific is averaged over all 
sampling stations.   
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Fig. 5.6. The relationship of temperature-corrected rates with nitracline depth.  Panel a 
shows the relationship of growth with nitracline depth, and b the relationship between 
grazing rate and nitracline depth.  The rate estimates from the Costa Rica Dome and 
California Current are averages for each experimental cycle.  The rate estimate for the 
equatorial Pacific is averaged over all sampling stations.  
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Table 5.1.  Size-dependent trends in growth, grazing, and net growth rates.  The trend is 
increasing if the rate of the largest size class is significantly greater than that of the 
smallest size class and decreasing if the opposite is true. Dashes represent no significant 
trend.  Asterisks indicate a significant regression between rate and size. 
 

Region Cycle Trend in 
Growth Rate 

Trend in 
Grazing Rate 

Trend in Net 
Growth Rate 

Within 
CCE 1 - - - 

 2 Decreasing* - Decreasing 

 3 - - Decreasing* 

 4 Increasing - Increasing 

 5 Decreasing Decreasing Decreasing 

Within 
CRD 2 - - - 

 3 Increasing Increasing - 

 4 - - - 

 5 - - Decreasing 

Average 
CRD  - Increasing - 

Average 
Eq. Pacific  Decreasing Decreasing - 

Average 
Offshore 

CCE 
 Decreasing* Decreasing* Decreasing 

Average 
Inshore 

CCE 
 - - - 
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Chapter 6.   

Conclusions 

 

The main focus of my dissertation is to understand how fundamental planktonic 

rates scale with size and how those rates affect and are influenced by the structure and 

dynamics of planktonic communities.  In pursuing this research, several important 

findings have coalesced to form a broader picture of size-dependent rates, their influence 

on planktonic communities, and the variability of rates in the natural world.  Here, I 

briefly describe the major findings from my dissertation, highlight the connections among 

chapters and with previous research, and point out future areas of study that complement 

and build upon the work described here.  

  

Organisms broadly show size-dependent patterns among their rates and traits 

In Chapter 3, I examined potential size-specific patterns for several planktonic 

rates and properties.  Similar to previously published studies, several of these rates were 

found to scale allometrically, or systematically with size.  These rates include 

phytoplankton maximum growth (Mizuno 1991, Tang 1995, Edwards et al. 2012), half 

saturation constant for nutrient uptake (Eppley et al. 1969, Edwards et al. 2012), and 

microzooplankton maximal grazing rate (Moloney and Field 1989, Hansen et al. 1997).  

Grazing half saturation constant was also found to scale with size, but gross growth 

efficiency was not, in agreement with extensive previous work (Hansen et al. 1997, 

Straile 1997).  
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In contrast, general losses for phytoplankton and microzooplankton were taken as 

constant values for all sizes of organisms due to the lack of information for these 

parameters.  There is evidence that these losses may be large (Nagasaki et al. 1993, 

Brussaard et al. 1996), and their magnitude affects the ability to estimate size-dependent 

rates (Chapter 4).  Therefore, determining the extent and perhaps size-dependence 

(Weinbauer and Hofle 1998) of general phytoplankton and microzooplankton loss rates 

will help further elucidate the underlying dynamics of planktonic populations.   

Size-resolved growth and grazing mortality rates of picoplankton communities 

(Chapter 5) generally did not show significant dependence on size, as expected based on 

measurements of maximal growth and grazing rates from laboratory studies.  

Nevertheless, there were consistent patterns among size classes within some subregions, 

such as the decreasing growth rates seen in the offshore California Current Ecosystem 

and the small variability for rates averaged over regions of the eastern tropical Pacific.  

The addition of larger size classes would likely change the patterns seen among 

differently sized organisms.   

 

Size-dependent patterns of rates vary on different scales 

Despite the above similarities, the size-dependent patterns of natural communities 

in several study areas were typically variable within a study region and not consistent 

across the eastern Pacific study sites (Chapter 5).  For example, some experimental cycles 

in the Costa Rica Dome stood out with distinctly lower growth or higher grazing rates 

relative to others.  Within the California Current Ecosystem, the inshore, offshore, and 

transitional areas each had distinct rates among size classes within our size range of 
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organisms (0.45 to 4.0 µm).  Also, offshore sampling of picoplankton rates in a different 

study showed much less variability in September (Worden and Binder 2003) compared to 

the measurements estimated in this dissertation from May-June, indicating potential 

significant variability with year or season.   

Besides varying spatially and temporally, rates can also be sensitive to the range 

of sizes examined.  Organisms ranging in size from 0.45 to 4 µm showed varying rates, 

some of which varied with cells size (Chapter 5), but that variability could be 

overwhelmed, or the overall size-dependent pattern changed, by including rates for larger 

organisms.  For example, Chen and Liu (2010) found growth rates to increase with size 

up to a point and then decrease among larger organisms.  An examination of any of the 

allometric rates among small organisms in Chapter 3 highlights that the variability when 

singling out a specific size range can be different than the overarching trend when 

examining a larger size range.   

One last matter of scale deals with the resolution of size-dependent rates.  Finely 

resolved rates can show different patterns than rates estimated for broad size classes.  To 

overcome this problem, Chapter 2 describes a method to determine size-dependent rates 

for any size class of interest by estimating rates as a function of size interval.  Thus, rates 

for various approaches to size binning can be examined, and changes in rates for different 

degrees of resolution can be easily assessed.   

 

Biological interactions and environmental variables influence rate estimates and 

community structure 
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In Chapter 3, I used a size-structured nutrient-phytoplankton-zooplankton (NPZ) 

model (Poulin and Franks 2010) to investigate what parameters and processes were 

responsible for creating specific planktonic community size distributions and how these 

distributions responded to bottom-up forcing.  Interestingly, microzooplankton 

parameters were found to determine the phytoplankton size spectrum, while 

phytoplankton-associated parameters largely determined the predator size spectrum.  This 

interaction of rates and size distributions was also observed when examining the reaction 

of each trophic level to a nutrient pulse.  In particular, phytoplankton biomass was 

dictated by the grazing rate, and microzooplankton biomass was limited by the growth 

rate of phytoplankton.  These results demonstrate the importance of top-down and 

bottom-up forces in shaping planktonic communities and, consequently, of measuring 

rates in different trophic levels to understand the processes affecting planktonic biomass.   

While trophic interactions and size-dependent rates determine the structure of the 

planktonic community, environmental parameters strongly influence the planktonic rates.  

To investigate the influence of environmental conditions on rate estimates, I examined 

changes in picoplankton growth and grazing rates with variations in temperature and 

nitracline depth (Chapter 5).   

Grazing rate varied significantly and positively with temperature, and growth rate 

varied significantly and negatively with nitracline depth (Chapter 5).  The significant 

response of grazing with temperature is likely related to the greater effect of temperature 

on heterotrophic processes relative to autotrophic processes (Allen et al. 2005, Lopez-

Urrutia et al. 2006, Rose and Caron 2007), based on the Metabolic Theory of Ecology 

(Brown et al. 2004, Lopez-Urrutia 2008).  Because of the higher sensitivity of 
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heterotrophic rates to temperature, the grazing response was steeper than the growth 

response, leading to a significant relationship for only the former rate.  Potential nutrient 

availability, as represented by nitracline depth, had the most influence on the magnitude 

of growth rate.  The negative relationship between growth rate and nitracline depth 

indicates that low nutrient availability limits growth, affecting larger cells in particular, 

which are at a disadvantage in competition for resources.  The greater nutrient stress on 

larger cells is demonstrated by the strongly decreasing growth rate trend with size at the 

sampling sites (CCE Cycles 2 and 5) with deep nitraclines.  Understanding what variables 

influence planktonic rates and how these organisms interact to shape their communities is 

necessary to accurately describe plankton dynamics.    

 

Field-based size-dependent rates do not show the same patterns as laboratory-based 

rates 

In light of the influence of environmental variability and biological interactions 

on the effects of community dynamics, there is a clear need to measure size-specific rates 

in the field so as to include natural assemblages of plankton under in situ conditions 

(Marañón 2008, Chen and Liu 2010).  The importance of measuring rates in the field is 

further highlighted by the contrasting results of Chapter 3, where rates were shown to 

scale with size, and Chapter 5, where rates did not always show consistent size-specific 

patterns.  This discrepancy likely exists because the rates of Chapter 3 were maximal 

rates measured under idealized conditions, while those of Chapter 5 were based on field 

data measured under ambient natural conditions.   
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While idealized rates estimated in laboratory settings are useful, knowledge of in 

situ rate measurements are necessary to understand what processes affect natural 

communities.  To this end, Chapter 2 describes a technique, the size-dependent dilution 

method, to measure size-dependent growth and grazing mortality rates in the field, as 

well as the error associated with such estimates.  Chapter 4 supports the use of the size-

dependent dilution method in systems where predators are mainly herbivorous 

microzooplankton; however, the method can also work in complex environmental 

systems, such as those with omnivores.   

 

Areas of future research 

Overall, the findings in this dissertation highlight size-specific patterns of 

idealized rates, including a method to measure in situ size-dependent growth and grazing 

rates, measurements of rate variability with size in three eastern Pacific ecosystems, 

potential environmental variables affecting these rates, and a simulated ecosystem in 

which to investigate ecosystem dynamics.  In addition to the scientific contributions 

stemming from this work, this research has also brought to light further areas of study.  In 

particular, there is a need for more size-dependent rate measurements for natural 

assemblages under ambient conditions.  This call for increased in situ measurements 

extends to more rate estimates in different areas of the ocean, measurements among a 

greater size range of organisms, and an increased number of types of rates beyond growth 

and grazing, such as respiration, egestion, and swimming speed.  An examination of other 

rates for an increased size range of organisms will likely be an interdisciplinary effort 

requiring new technologies to allow these measurements to be made under in situ 
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conditions.  Knowledge of non-grazing mortality of phytoplankton and microzooplankton 

in general, and size-specific mortality in particular, are especially lacking and yet crucial 

to understand the fate of plankton biomass.  Estimates of size-dependent rates in the field 

should be coupled with measurements of environmental variables such as light, micro- 

and macronutrient flux, and turbulence.  This information is necessary to understand what 

causes regional and temporal variations in rates and what could potentially set in situ 

values apart from laboratory-based measurements.  

As with all models, the size-structured NPZ model used in this research has many 

potential additions to make it a more realistic representation of natural communities.  For 

example, this model can also be coupled with physical parameters or a physical model to 

simulate environmental variability on rate measurements and ecosystem dynamics.  

One last promising area of research is the use of a combination of techniques to 

describe planktonic dynamics.  Although the data used in this dissertation research were 

taken from values for different taxa and groups of picoplankton, the research was still 

conducted without regard to taxonomic or functional groups.  Measurements of size-

dependent rates among different groups of plankton, such as dinoflagellates and diatoms 

(Banse 1982) or ciliates and flagellates (Hansen et al. 1997), have been made under 

laboratory conditions.   However, an examination of in situ size-dependent rates in 

conjunction with these other descriptors of planktonic organisms (Chapter 1) would be a 

rich addition to describing and understanding planktonic dynamics.  Only with this 

broader understanding of information from the field will we be able to determine the 

underlying causes of differences between natural and maximal rates, the processes most 

important in describing planktonic dynamics, and how best to structure and parameterize 
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size-specific models to simulate accurately planktonic population changes under variable 

environmental conditions.   

 
 



!

!

214 

References 
Allen, A. P., J. F. Gillooly, and J. H. Brown. 2005. Linking the global carbon cycle to 

individual metabolism. Functional Ecology 19:202-213. 

Banse, K. 1982. Cell volumes, maximal growth rates of unicellular algae and ciliates, and 
the role of ciliates in the marine pelagial. Limnology and Oceanography 27:1059-
1071. 

Brown, J. H., J. F. Gillooly, A. P. Allen, V. M. Savage, and G. B. West. 2004. Toward a 
metabolic theory of ecology. Ecology 85:1771-1789. 

Brussaard, C. P. D., R. S. Kempers, A. J. Kop, R. Riegman, and M. Heldal. 1996. Virus-
like particles in a summer bloom of Emiliania huxleyi in the North Sea. Aquatic 
Microbial Ecology 10:105-113. 

Chen, B. and H. Liu. 2010. Relationships between phytoplankton growth and cell size in 
surface oceans: Interactive effects of temperature, nutrients, and grazing. 
Limnology and Oceanography 55:965-972. 

Edwards, K. F., M. K. Thomas, C. A. Klausmeier, and E. Litchman. 2012. Allometric 
scaling and taxonomic variation in nutrient utilization traits and maximum growth 
rate of phytoplankton. Limnology and Oceanography 57:554-566. 

Eppley, R. W., J. N. Rogers, and J. J. McCarthy. 1969. Half-saturation constants for 
uptake of nitrate and ammonium by marine phytoplankton. Limnology and 
Oceanography 14:912-920. 

Hansen, P. J., P. K. Bjornsen, and B. W. Hansen. 1997. Zooplankton grazing and growth: 
Scaling within the 2-2,000-mu m body size range. Limnology and Oceanography 
42:687-704. 

Lopez-Urrutia, A. 2008. The metabolic theory of ecology and algal bloom formation. 
Limnology and Oceanography 53:2046-2047. 

Lopez-Urrutia, A., E. San Martin, R. P. Harris, and X. Irigoien. 2006. Scaling the 
metabolic balance of the oceans. Proceedings of the National Academy of 
Sciences of the United States of America 103:8739-8744. 



!

!

215 

Marañón, E. 2008. Inter-specific scaling of phytoplankton production and cell size in the 
field. Journal of Plankton Research 30:157-163. 

Mizuno, M. 1991. Influence of cell volume on the growth and size reduction of marine 
and estuarine diatoms. Journal of Phycology 27:473-478. 

Moloney, C. L. and J. G. Field. 1989. General allometric equations for rates of nutrient 
uptake, ingestion, and respiration in plankton organisms. Limnology and 
Oceanography 34:1290-1299. 

Nagasaki, K., M. Ando, I. Imai, S. Itakura, and Y. Ishida. 1993. Virus-like particles in an 
apochlorotic flagellate in Hiroshima Bay, Japan. Marine Ecology-Progress Series 
96:307-310. 

Poulin, F. J. and P. J. S. Franks. 2010. Size-structured planktonic ecosystems: constraints, 
controls and assembly instructions. Journal of Plankton Research 32:1121-1130. 

Rose, J. M. and D. A. Caron. 2007. Does low temperature constrain the growth rates of 
heterotrophic protists? Evidence and implications for algal blooms in cold waters. 
Limnology and Oceanography 52:886-895. 

Straile, D. 1997. Gross growth efficiencies of protozoan and metazoan zooplankton and 
their dependence on food concentration, predator-prey weight ratio, and 
taxonomic group. Limnology and Oceanography 42:1375-1385. 

Tang, E. P. Y. 1995. The allometry of algal growth rates. Journal of Plankton Research 
17:1325-1335. 

Weinbauer, M. G. and M. G. Hofle. 1998. Size-specific mortality of lake 
bacterioplankton by natural virus communities. Aquatic Microbial Ecology 
15:103-113. 

Worden, A. Z. and B. J. Binder. 2003. Application of dilution experiments for measuring 
growth and mortality rates among Prochlorococcus and Synechococcus 
populations in oligotrophic environments. Aquatic Microbial Ecology 30:159-
174. 

 
!




