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Professor Michael R. Landry, Chair 

 

Microzooplankton play a pivotal role as primary consumers and trophic links in 

the marine food web, affecting the efficiency of energy transfer to higher trophic levels 

through changes in their community composition and grazing activity.  Thus, 

investigating the diversity and dynamics of microzooplankton communities is of 

particular importance to understanding how climate changes may impact plankton 
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communities and energy flow in food webs.  In my dissertation I address the following 

topics regarding microzooplankton composition and grazing activity: What is the range in 

diversity and grazing rates seen in microzooplankton communities across trophic 

gradients in the eastern Pacific?  How are microzooplankton composition and grazing 

activities shaped by the plankton communities they feed on?  What insights can 

molecular analyses provide about the taxa-specific grazing impacts of microzooplankton 

on their phytoplankton prey?  To address these questions, I investigate the microbial 

communities in upwelling regions of the eastern Pacific that exhibit broad environmental 

gradients on relatively small spatial scales and where climate change could strongly 

impact the productive marine ecosystem.   

I find that in the unique, picoplankton-dominated, upwelling area of the Coast 

Rica Dome, nano-sized dinoflagellates were the dominant primary consumers.  The 

biomass of heterotrophic protists varied little despite large changes in autotrophic prey 

biomass, suggesting strong top-down control by mesozooplankton predators and 

highlighting the important role of microzooplankton as trophic links in this food web.   

In the California Current Ecosystem (CCE), I specifically focus on mesoscale 

frontal features which appear to be increasing in number in this area. I find that the 

microbial community composition at fronts is distinct from that of other eutrophic 

locations in the CCE, with implications for the future productivity of the region.  I also 

document the microbial community composition and growth-grazing dynamics during 

the warm water anomaly known as the Blob in 2014.  I find that the community 

composition was not significantly different compared to normal years in the CCE, but the 

grazing pressures were elevated.  Thus, that the majority of phytoplankton production 
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was funneled through microzooplankton, decreasing energy transfer efficiency in the 

food web.       



 

1 

 

CHAPTER 1.  

Introduction 

 

The word plankton comes from the Greek word, planktos, which means drifter.  

Marine plankton, often microscopic, are ocean drifters at the whims of the current, and 

yet they sustain all marine life.  Phytoplankton, autotrophs that include both bacteria and 

eukaryotes, use photosynthesis to fuel their growth, fixing carbon in the process.  

Zooplankton, heterotrophs that include single and multicellular organisms, consume 

phytoplankton to grow and recycle nutrients back into the environment through their 

excretions and sloppy feeding.  The dynamics of these organisms at the base of the 

marine food web determine the amount of energy ultimately available to larger 

organisms, such as fish, seabirds, and marine mammals; however, their complex 

interactions and resultant impacts on the marine food web are often difficult to 

characterize.  In this dissertation, I aim to investigate the interactions between 

microzooplankton grazers and their phytoplankton prey and further characterize their role 

in the marine food web in a range of environmental conditions.  

Microzooplankton in the food web 

The term microzooplankton refers technically to heterotrophic plankton between 

20 and 200 µm in length, encompassing a variety of taxa including ciliates (Cil), 

heterotrophic dinoflagellates (H-Dino), radiolarians, foraminifera, and naupliar copepods 

(Dussart 1965).  Nanozooplankton, primarily heterotrophic nanoflagellates (HNF) that 

fall in the 2 to 20 µm size fraction, are often included within the general category of 

microzooplankton although they can act as a separate trophic step in the food web 
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because they are limited to consumption of smaller picoplankton (0.2-2 µm) and can be 

preyed upon by microzooplankton.  Unless specifically stated, I use the broader definition 

of microzooplankton in this dissertation to include both nano- and micro-sized grazers, 

whose combined predatory impact on the phytoplankton community is measured by the 

dilution technique (Landry and Hassett 1982).  These organisms are the dominant grazers 

in the marine planktonic food web, consuming on average 70% of global daily ocean 

primary production (Calbet and Landry 2004, Calbet 2008).  Furthermore, they play 

critical roles in nutrient remineralization and the regulation of energy transfer efficiency 

within food webs (Stoecker and Capuzzo 1990, Sherr and Sherr 2002, Sommer et al. 

2002, Calbet and Saiz 2005).  Within the variety of taxa that fall into this category, the 

most common protistan grazers – Cil, H-Dino and HNF (Sherr and Sherr 2007) – also 

comprise major trophic links between small primary producers and larger 

mesozooplankton (>200 µm) such as copepods and euphausiids, which are unable to 

directly graze on small pico- and nanoplankton (Calbet and Saiz, 2005).  

As a result of their position as trophic intermediaries, microzooplankton 

consumption of phytoplankton, as opposed to direct consumption by mesozooplankton, 

can substantially diminish the overall efficiency of food web energy transfer.  Significant 

energy (50-70%) is lost with each additional trophic step in the food web, and multiple 

trophic steps can occur within the nano- and microzooplankton size categories (Straile 

1997).  While organisms typically consume prey smaller than themselves, the interactions 

between microzooplankton taxa are further complicated by a wide variety of feeding 

strategies.  In addition to intercepting their prey directly, dinoflagellates can utilize 

pallium or peduncle feeding to prey upon organisms much larger than themselves.  
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Approximately one-third of marine ciliates and a high proportion of pigmented 

dinoflagellates exhibit a mixotrophic nutritional mode (i.e., mixed photosynthetic and 

phagotrophic capabilities), often by appropriating the chloroplasts of their prey 

(kleptoplastidy) and using them as an energy supplement to enhance growth efficiency 

(Mitra et al. 2016 and citations therein, Esteban et al. 2010).  Due to the variety and 

complexity of feeding strategies among these grazers, the standard 10:1 size ratio of 

predator to prey is often inappropriate for consumers in this functional category (Hansen 

et al. 1994), particularly for dinoflagellates whose optimal ratio is approximately 1:1 

(Naustvoll 2000).  This complicates the identification of potential phytoplankton 

consumers based solely on size spectra, which is commonly how size is incorporated into 

food web models (Moloney and Field 1991).  

Taxa-specific grazing pressure on phytoplankton 

 Microzooplankton are known to exhibit prey preference in laboratory experiments 

(Stoecker et al. 1980, Verity 1991, Naustvoll 2000), suggesting that they do not consume 

all available prey equally within a given size range.  Furthermore, differences in taxon-

specific growth and mortality due to grazing rates have been reported in the field 

(Waterhouse and Welschmeyer 1995, Landry et al. 2008, 2011, Selph et al. 2015), 

supporting the laboratory findings that microzooplankton exert differential grazing 

pressures on available phytoplankton prey.  Recent evidence suggests that there is as 

much as a 4-fold increase in nanoflagellate grazing in the high productivity waters of the 

California Current Ecosystem (CCE) that is linked to higher production of heterotrophic 

bacteria (Goericke 2011, Taylor 2014).  As discussed by Taylor (2014), this suggests that 

increased grazing pressures may select for strategies among bacteria and 
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picophytoplankton that either maximize growth rates or minimize grazing losses (i.e. 

grazing resistance).  Strategies against grazing are documented and include alteration of 

cell surface hydrophobicity (Monger et al. 1999) and proteins (Strom et al. 2012), or 

production of chemical deterrents, such as dimethysulfoniopropionate (DMSP, Strom et 

al. 2003). 

Despite the fact that these behaviors are documented, most plankton growth-

grazing dynamics are reported as single rates for the entire plankton community, which 

masks the complex trophic interactions that occur between plankton taxa.  When taxa-

specific rates are reported, these are usually only available for a handful of taxa using 

targeted measurements often based on pigment analysis or quantitative polymerase chain 

reaction (qPCR) measurements (Binder et al. 1996, Worden et al. 2004, Demir et al. 

2008).  The application of analytical techniques that would allow for broad classification 

of many taxa at once in growth-grazing experiments, such as 18S and 16S ribosomal 

DNA (rDNA) metabarcoding, could be extremely useful in addressing this topic.  In 

Chapter 5, I address this by using metabarcoding techniques, along with more traditional 

microscopy and flow cytometry analyses, to investigate taxa-specific growth and 

mortality rates of phytoplankton due to microzooplankton grazing.  

Climate change and pressures on microzooplankton 

The potential number of trophic steps within the microbial portion of the food 

web is affected not only by the taxonomic and size composition of the microbial 

community, but also by environmental conditions (e.g. temperature, nutrients), bottom-up 

factors (e.g. phytoplankton composition and growth rates), and top-down forcing (e.g. 

mesozooplankton predation).  Thus, the warmer temperatures, greater water-column 



5 

 

 
 

stratification, and decreased nutrient flux to the surface (Behrenfeld et al. 2006) predicted 

as a result of climate change (Behrenfeld et al., 2006), could have both direct and indirect 

impacts on microzooplankton grazing.  Warming temperatures have been observed to 

directly increase the metabolic activity and grazing rates of microzooplankton 

communities (Rose and Caron 2007), consistent with the metabolic theory of ecology 

(Brown et al. 2004).  This increased activity in response to environmental forcing could 

alter the ratio of production to grazing, particularly in eutrophic areas (Chen et al. 2012).  

However, enhanced mesozooplankton predation could suppress increased 

microzooplankton grazing activity in such situations (Irigoien et al. 2005, Riisgaard et al. 

2014).  Because of these competing pressures on microzooplankton activity, the effects of 

altered environmental regimes on the role of microzooplankton may not be 

straightforward (Caron and Hutchins 2013).  

In addition to the potential effects of warmer ocean temperatures on the metabolic 

activity of small grazers, total microzooplankton grazing on a global scale may be 

enhanced in the future according to some models that predict larger oligotrophic regions 

of the ocean (Behrenfeld et al. 2006).  Such oligotrophic systems are expected to have a 

higher number of trophic steps in the microbial part of the food web due to the small 

mean size of primary producers in these communities and the key role of 

microzooplankton as grazers and nutrient remineralizers.  As a result, a greater fraction of 

global primary production could pass through the microzooplankton, decreasing overall 

energy transfer to higher trophic levels.   

Other models have predicted, however, that areas such as the CCE may become 

more productive in the future despite increasing global ocean stratification, potentially 
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decreasing trophic fluxes through microzooplankton (Rykaczewski and Dunne 2010, Di 

Lorenzo 2015).  In addition, unknown details about population-specific interactions 

among microzooplankton and their microbial prey may lead to unforeseen effects from 

altered stratification, temperature, nutrient delivery, and system mesoscale structure on 

lower levels of the food web.  For example, increased temperature could enhance specific 

grazing rates relative to phytoplankton productivity (Chen et al. 2012), and nutrient, 

temperature or increased grazing stress could select for less palatable or grazing resistant 

prey (Strom 2002, Taylor 2014).  In Chapters 3 through 5, I investigate microzooplankton 

communities and their grazing impacts on the food web under a variety of environmental 

conditions in upwelling regions of the eastern Pacific to increase the understanding of the 

complex pressures on these grazers.  

Plankton food web dynamics in an upwelling ecosystem 

In an effort to unravel some of the complexity within this small group of grazers, 

it is important to characterize the phytoplankton and microzooplankton assemblages and 

their trophic interactions to identify the factors that influence grazing rates under different 

environmental conditions.  Studies performed in the CCE are appropriate in this regard 

because this region exhibits broad productivity gradients, from coastal upwelling to 

oligotrophic open ocean, and high mesoscale variability, allowing for the investigation of 

diverse microbial assemblages within relatively close proximity.  This region is home to 

multiple commercially important fisheries, such as sardine and squid (Checkley and 

Barth 2009), that are directly impacted by alterations in food web energy efficiency.   

Kahru et al. (2012) has shown that the frequency of fronts, defined by sharp 

transitions in satellite images of temperature or chlorophyll, has increased significantly in 
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the CCE over the past three decades.  Frontal features have been linked to enhanced 

production and export (Franks 1992, Claustre et al. 1994, Taylor et al. 2012, Stukel et al. 

2017), providing one mechanism by which overall productivity of the region may 

increase in the future.  Furthermore, it has been suggested that the microbial communities 

and dynamics at fronts are unique from others nearby (Franks et al. 2013).  As mentioned 

previously, models of future CCE conditions suggest that productivity will increase in the 

future (Rykaczewski and Dunne 2010, Di Lorenzo 2015).  That, combined with the 

documented increase in productive mesoscale fronts in the region (Kahru et al. 2012), 

highlight the need to better understand the implications of lower-level food-web 

variability on energy transfer in dynamic upwelling regions.  I investigate these dynamics 

in Chapters 3 through 5, both in the CCE and Costa Rica Dome upwelling regions of the 

eastern Pacific.  

Outline of the dissertation 

In this dissertation, I investigate the plankton community composition of 

microzooplankton and their phytoplankton prey, as well as rates of phytoplankton growth 

and mortality due to microzooplankton grazing under varying environmental conditions 

and community assemblages in upwelling regions in the eastern Pacific Ocean.  These 

results add to our understanding of the composition and structure of phytoplankton-

microzooplankton communities, further quantify microzooplankton grazing impact on the 

food web under different conditions, and ultimately provide new insights about trophic 

interactions in marine microbial communities. 

 In Chapter 2, I present a new slide preparation technique to quantify ciliates 

preserved in acid Lugol’s fixative.  Traditionally, ciliates have been preserved in acid 
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Lugol’s and counted in settling chambers to maintain the integrity of these fragile cells; 

however, this process is time-consuming and the settled samples cannot be saved for any 

future analyses.  The new method I present allows seawater samples to be filtered on 

polycarbonate membranes, imaged via transmitted light microscopy on a standard glass 

slide, and stored long-term for later analysis.  I also present length and width corrections 

to account for the shrinking of ciliate cells due to the addition of formaldehyde.  Chapter 

2 was published in full in 2014 as Freibott, A., Linacre, L., and Landry, M. R., Permanent 

filtration preparation for ciliates preserved in Acid Lugol’s in Limnology and 

Oceanography: Methods, issue 12, p. 54-62.  

 In Chapter 3, I investigate the heterotrophic community in the unique upwelling 

region of the Costa Rica Dome (CRD).  Picophytoplankton are the dominant primary 

producers in the CRD, suggesting that microzooplankton grazing would be integral to the 

transfer of energy in this food web.  Thus, I hypothesized that predator-prey pairs (i.e., 

picoplankton consumed by nanozooplankton, and in turn by microzooplankton) would be 

tightly associated and readily apparent in the biomass size structure of the auto- and 

heterotrophic plankton communities.  I found that nanozooplankton did dominate the 

grazer biomass and were significantly positively correlated with picophytoplankton 

biomass.  However, heterotrophic protistan biomass was relatively constant across the 

CRD region despite changes in primary production, and there was no significant 

correlation between nanoplankton and micrograzer biomass.  These findings suggest that 

mesozooplankton predators exerted significant top-down controls on micrograzers.  

Chapter 3 was published in full in 2015 as Freibott, A., Taylor, A. G., Selph, K. E., Lui, 

D., Zhang, W., and Landry, M. R., Biomass and composition of protist grazers and 
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heterotrophic bacteria in the Costa Rica Dome during June-July 2010 in Journal of 

Plankton Research, issue 38, vol. 2, p. 230-243. 

 In Chapter 4, I compare the microbial communities at two fronts in the California 

Current to address the following questions: Are there specific trends in community 

composition and biomass that are consistent across frontal features in the CCE? Are the 

microbial communities at mesoscale fronts distinct from the communities in adjacent 

eutrophic waters?  I hypothesized that large phytoplankton such as diatoms would 

dominate front communities, making them comparable to communities in adjacent 

eutrophic, coastal waters of comparable biomass and productivity.  Using a combination 

of microscopy and molecular analyses (18S and 16S rDNA metabarcoding), I was able to 

determine that two fronts, one in 2008 and one in 2012, had comparable total autotrophic 

biomass and were both comprised of approximately 70% diatom taxa.  Furthermore, 

Prochlorococcus dominated the oligotrophic sides of both fronts, Synechococcus 

dominated the eutrophic sides, and there was a sharp transition between the two genera at 

the front.  Results of statistical analyses indicated that the front microbial communities 

were distinct from communities in nearby eutrophic waters, demonstrating that front 

microbial communities are unique assemblages. 

 In Chapter 5, I present the first analysis of the microbial community composition 

and growth-grazing dynamics during the anomalous conditions of summer 2014 in the 

southern California Current.  The Blob, as this warm water phenomenon came to be 

called, disrupted typical upwelling conditions in the region, and caused a stratified, low 

nutrient environment where small phytoplankton and micrograzers could dominate food 

web dynamics.  I hypothesized that picophytoplankton would dominate the microbial 
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community at all sampled locations and that the grazing pressure of microzooplankton 

would be significantly higher than compared to previous normal years in the CCE 

because of these environmental conditions.  I found that the microbial community 

composition was dominated by small chlorophytes, dinoflagellates, and Synechococcus.  

Although the dominance of chlorophytes at first appeared to be atypical of this upwelling 

region, which is known for diatoms, when compared to data from previous “normal” 

years, this pattern was not unprecedented.  However, the shift in composition towards 

dominance by picoplankton did lead to higher microzooplankton grazing rates at the 

coast.  The results of this study highlight the ways in which changes in environmental 

conditions that are indicative of potential future scenarios can shift the phytoplankton 

composition towards smaller autotrophs, funneling more primary production through the 

microzooplankton, and decreasing energy transfer efficiency to larger animals. 

 In Chapter 6, I synthesize and conclude the results of my previous chapters by 

summarizing the novel findings of this research and suggesting future directions for 

better understanding microzooplankton grazing dynamics.  Together, these chapters 

demonstrate the pivotal role that microzooplankton play in the microbial food web, and 

their particular responses to the increased variability in environmental conditions and 

phytoplankton community composition in a changing climate. 
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CHAPTER 2. 

 

A slide preparation technique for light microscopy analysis of ciliates preserved in 

acid Lugol’s fixative 

 

 

 

  



16 

 

 
 

 

  



17 

 

 
 

 

  



18 

 

 
 

 

  



19 

 

 
 

 

  



20 

 

 
 

 

  



21 

 

 
 

 

  



22 

 

 
 

 

  



23 

 

 
 

 

  



24 

 

 
 

 

  



25 

 

 
 

 Chapter 2, in full, is a reprint of materials as it appears in Freibott, A., Linacre, L., 

and Landry, M. R. (2014) Permanent filtration preparation for ciliates preserved in Acid 

Lugol’s. Limnology and Oceanography: Methods 12, 54-62, doi: 

10.4319/lom.2014.12.54. The dissertation author was the primary investigator and author 

of this manuscript. 
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CHAPTER 3. 

Biomass and composition of protistan grazers and heterotrophic bacteria in the 

Costa Rica Dome during summer 2010 
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Chapter 3, in full, is a reprint of materials as it appears in Freibott, A., Taylor, A. 

G., Selph, K. E., Lui, D., Zhang, W., and Landry, M. R. (2015) Biomass and composition 

of protist grazers and heterotrophic bacteria in the Costa Rica Dome during June-July 

2010. Journal of Plankton Research, 38(2):230-243, doi: 10.1093/plankt/fbv107. The 

dissertation author was the primary investigator and author of this manuscript. 
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CHAPTER 4. 

Distinct microbial communities at mesoscale fronts in the southern California 

Current 

 

Abstract 

We investigated microbial communities at two oceanic fronts in the southern 

California Current during October 2008 and August 2012 as part of the California 

Current Ecosystem Long-Term Ecological Research (CCE LTER) program.  Combining 

analyses by microscopy and molecular techniques, we assessed and compared the trends 

in microbial community biomass and taxonomic composition across fronts and adjacent 

oligotrophic and eutrophic regions.  Both fronts exhibited elevated euphotic zone 

integrated levels of autotrophic (2008: 2830 mg C m-2, 2012: 3820 mg C m-2) and 

heterotrophic microbial biomass (2008: 290 mg C m-2, 2012: 1659 mg C m-2).  Diatoms 

dominated, comprising approximately 70% of autotrophic biomass at the front stations in 

both years.  Prochlorococcus and Synechococcus exhibited opposing patterns across the 

fronts, with Prochlorococcus most abundant on the oligotrophic sides and Synechococcus 

most abundant on the eutrophic sides.  Dinoflagellates comprised most of the 

heterotrophic protistan biomass in all samples but decreased slightly at the fronts, and 

heterotrophic bacteria were dominated by flavobacteria at all locations.  Statistical 

analyses of the 18S rDNA data indicated that the frontal communities were distinct from 

those at nearby coastal eutrophic stations largely due to the contributions of operational 
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taxonomic units (OTUs) representing < 1% of the community, or the ‘rare biosphere.’ 

The similarities and differences between the two fronts suggest that subtle changes in 

community composition could have important implications for food web energy 

efficiency and carbon cycling at fronts.     

 

Introduction 

Oceanic fronts are often regions of elevated primary productivity (Venrick et al. 

2000, Landry et al. 2012), biomass (Franks 1992a, Taylor et al. 2012) and carbon export 

(Fielding et al. 2001, Allen et al. 2005, Stukel et al. 2017) due to increased nutrient 

uptake, increased phytoplankton growth, and physical accumulation mechanisms at the 

frontal interfaces (Franks 1992a).  Although most fronts are temporary mesoscale 

features (10-100s km), they can have a disproportionate impact on productivity, 

community composition and food web structure relative to the mean background 

characteristics for a region (Laubscher et al. 1993, Li et al. 2012).  Mechanisms that form 

fronts can also impact the types of plankton that dominate.  For example, fronts formed 

by wind-driven upwelling are typically associated with subsurface blooms of diatoms and 

dinoflagellates (Franks 1992b).   

Due to their ephemeral nature, mesoscale fronts can be difficult to locate and 

study at sea.  However, dynamic regions, such as the California Current Ecosystem 

(CCE), that are rich in mesoscale fronts and eddies, can be ideal systems to study such 

features.  Kahru et al. (2012) has shown that the frequency of fronts, as defined by sharp 

transitions in satellite images of temperature or chlorophyll, has increased significantly in 

the California Current over the past three decades due to broad increases in cross-shelf 
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gradients of sea surface temperature and the local enhancement of coastal upwelling 

winds.  Such a trend suggests that the overall primary productivity of the region, as well 

as the mean characteristics of its communities and food webs, may be strongly influenced 

by fronts and change with time.  If localized in relatively small, temporary frontal 

features instead of spread evenly in the coastal upwelling zone, for example, increased 

primary production in the CCE could increase the total energy available to commercially 

important fisheries (Checkley and Barth 2009).  Recent modeling of long-term data from 

the CCE has further suggested that the biological communities and trophic interactions 

that occur at fronts may be distinct from those that would otherwise exist in the vicinity 

(Franks et al. 2013). 

In the present study, we assess the composition of microbial communities 

sampled across two CCE fronts on cruises in October 2008 (A-Front) and August 2012 

(E-Front).  Combining microscopy and molecular analyses, we address the following 

questions:  Are there specific trends in community composition and biomass that are 

consistent across frontal features in the CCE?  Are the microbial communities at 

mesoscale fronts distinct from the communities in adjacent eutrophic waters?  Previous 

studies (Franks 1992a, Laubscher et al. 1993, Taylor et al. 2012) have suggested that the 

general characteristics of communities that develop at fronts, such as the dominance of 

larger phytoplankton and diatoms in particular, are similar to those in eutrophic, coastal 

waters of comparable biomass and productivity.  Thus, we hypothesized that the 

microbial community composition at the fronts would be similar to that of eutrophic, 

coastal regions.  The use of molecular techniques in the present analyses allows a more 

detailed assessment of community composition in CCE fronts than has been previously 
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done, and thus, a more rigorous basis for evaluating the distinctions between fronts and 

adjacent waters.   

 

Materials and Methods 

CCE LTER P1208 (E-Front) and P0810 (A-Front) general site information 

The CCE LTER conducted two cruises to study the biological and physical 

characteristics of frontal features in September 30 - October 29, 2008, and July 28 - 

August 26, 2012.  A single front was investigated on each cruise, with rate measurement 

and experiments conducted on either side of both features (2012: Cycles 2-5, 2008: 

Cycles 5-6), and on the feature in 2012 (Cycle 1, Figure 1).  Overnight transects were 

conducted across both fronts for detailed sections of each measured variable (Fig. 1).  

The 2012 E-Front was oriented in a north-south direction and formed between a warm, 

anticyclonic eddy to the east and a cold, cyclonic eddy to the west.  Eutrophic waters 

were located to the east and oligotrophic waters to the west.  The 2008 A-Front was an 

east-west-oriented front near Point Conception formed between coastal upwelling waters 

and well-mixed California Current and subtropical waters (Landry et al. 2012).  

Eutrophic waters were located north of this front, while oligotrophic waters were south of 

the front. 

The cross-front transects were initiated in the water mass adjacent to the front.  

Samples were collected at stations set approximately 2-4 km apart while crossing the 

frontal feature, and transect sampling ended when it was apparent from hydrographic 

information that we had reached the water mass on the other side of the front (9 transect 

stations in 2008, 13 transect stations in 2012).  Samples for chlorophyll, nutrients, 
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microscopy, and flow cytometry analysis were collected from 8 depths at each transect 

station.  Additionally, semi-Lagrangian style experiments were conducted on and around 

the fronts using a satellite-tracked drifter with a mixed layer drogue to track water masses 

over a 3-day period (cycle tracks depicted with lines in Fig. 1).  

Microscopic analysis of plankton communities 

 Epifluorescence microscopy.  Seawater samples of 500 mL were preserved for 

epifluorescence microscopy with 260 µl alkaline Lugol’s solution, 10 mL buffered 

formaldehyde, 500 µl sodium thiosulfate, and 1 mL proflavin (0.033% w/v) (Sherr and 

Sherr, 1993).  Preserved samples rested for an hour in the dark before being stained with 

1 mL DAPI (0.01 mg mL-1) and filtered.  Aliquots of 50 mL were filtered onto 25 mm, 

0.8 µm black polycarbonate membranes for the analysis of small cells, and the remaining 

450 mL of preserved sample was filtered onto 25 mm, 8.0 µm black polycarbonate 

membranes.  Membrane filters were mounted on glass slides using Type DF immersion 

oil, No. 2 glass coverslips, and stored at -80 °C until analysis.  

Slides were imaged on a Zeiss AxioVert 200 M inverted epifluorescence 

microscope with a motorized stage and images were captured with a Zeiss AxioCam 

MRc black and white camera using separate filter sets for Chl a, DAPI, FITC and 

phycoerythrin.  Slides with 0.8 µm membrane filters were imaged at 630X magnification, 

and 8.0 µm membrane filters were imaged at 200X magnification.  Seven z-stack images 

were taken at each random image location.  The z-stack images were processed and 

combined using ImagePro software, and a fast Fourier transform and Laplace filter were 

applied to reduce the halo effect around cells.  Cells were counted and sized using the 

ImagePro software before being manually identified and grouped into functional groups: 
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diatom, autotrophic dinoflagellate (A-Dino), prymnesiophyte (Prym), cryptophyte 

(Cryp), autotrophic others (A-Other), heterotrophic dinoflagellate (H-Dino), 

heterotrophic others (H-Other), and ciliates (Cil).  When possible, separate acid Lugol’s 

preserved samples were analyzed for ciliates (Choi and Stoecker 1989, Leakey et al. 

1994).  Such samples were not available for the A-Front ciliates, which were estimated 

by epifluorescence microscopy only.  Autotrophic cells were identified by the presence of 

chlorophyll a, which fluoresces red under blue light excitation. A-Other included cells 

that could not be positively identified into one of the other autotrophic categories. H-Dino 

included cells that could be positively identified as dinoflagellates by the presence of a 

clear dinokaryon, two flagella and an obvious theca for thecate forms, while H-Other 

included other heterotrophic cells that were mostly flagellated but otherwise 

unidentifiable. Cells were binned into size categories based on the longest cell axis: 0.2-2, 

2-5, 5-10, 10-20, 20-40 and >40 µm.  Cell biovolumes (µm3) were calculated using 

length (L) and width (W) measurements in the formula for a prolate sphere, BV = 

0.524*L*W2.  Carbon biomass was calculated from the biovolumes as: pgC cell-1 = 

0.216*BV0.939 for non-diatoms and pgC cell-1 = 0.288*BV0.811 for diatoms (Menden-

Deuer and Lessard 2000).  More detailed information on the epifluorescence methods 

used are available in Taylor et al. (2012).  

Transmitted light microscopy. Seawater samples of 125 mL were preserved with 

5% acid Lugol’s solution in amber bottles for the analysis of Cil by transmitted light 

microscopy.  Prior to filtration, 37% formaldehyde was added to the sample (2% final 

concentration) and allowed to rest for 12 h to solidify cell membranes.  Samples were 

filtered onto 25 mm, 8.0 µm polycarbonate membranes under low pressure (>50 mmHg), 
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and the vacuum pump was shut off during the final few milliliters to allow for gentle 

gravity filtration.  Filters were briefly placed onto paper to wick away residual moisture, 

mounted on glass slides using Cargille immersion oil A (Certified Refractive Index 

Liquids, nD 258C 1.584+0.0002), and coverslips were sealed with clear nail polish 

(Freibott et al. 2014).  The slides were imaged under transmitted light at 200X 

magnification and images were processed as described above for epifluorescence 

microscopy.  Cil were divided into broad taxonomic groups, including aloricate 

oligotrichs and choreotrichs, tintinnids, scuticociliates, cyclotrichs and other 

unidentifiable Cil.  Cells were binned by size based on the longest cell dimension: 8-20, 

20-40 and >40 µm.  Due to the pore size of the filter used, many nano-sized Cil likely 

passed through the membrane and are not accounted for here.  Length and width 

measurements from each cell were used to calculate cell biovolume based on the most 

appropriate cell shape: prolate spheroid (BV = 0.524*L*W2), cone (BV = 0.262*L*W2) 

or cone plus half sphere (BV = 0.262*W2*(L+W2)). Carbon biomass was calculated from 

cell biovolume as pgC = 0.19*BV (Putt and Stoecker 1989).  Biomass for all microscopy 

data was depth-integrated according to the trapezoidal rule, averaging community 

biomass between sampling depths and summing biomass contributions for all depth strata 

(to the deepest depth sampled for each cycle).  

Flow cytometry analysis of bacterial communities 

 Seawater samples of 1 mL were preserved with 0.5% paraformaldehyde (v/v, 

final concentration), flash frozen in liquid nitrogen and stored at -80 °C.  Prior to 

analysis, samples were thawed and stained with Hoechst 34442 (1 mg mL-1) for 1 h in the 

dark (Monger and Landry 1993).  Aliquots of 100 mL were analyzed using a Beckman 
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Coulter EPICS Altra flow cytometer with a Harvard Apparatus syringe pump for 

volumetric sample delivery and two argon lasers tuned to UV (200 mW) and 488 nm (1 

W) excitation.  Fluorescence signals were collected using filters for Hoechst-bound DNA 

(blue fluorescence, 450 nm), phycoerythrin (orange fluorescence, 575 nm) and Chl a (red 

fluorescence 680 nm), and normalized to external standards of 0.5 mm yellow-green and 

0.5 mm UV polystyrene beads. Cell fluorescence and light-scatter properties were 

acquired with Expo32 software and subsequently analyzed with FlowJo software to 

define heterotrophic bacterial (H-Bact) populations based on DNA signal (all living 

cells), absence of photosynthetic pigment and light-scatter signals (forward and 90° light 

scatter, measures of relative size).  

Abundance estimates of HB from flow cytometry analysis were converted to 

carbon biomass using depth-specific carbon per cell conversions, with bead-normalized 

forward angle light scattering (FALS) as a relative measure.  Estimates of cell carbon 

content were made using an open-ocean, mixed layer estimate of 10 fg C cell-1 as a 

starting point for H-Bact (Garrison et al. 2000).  Then, using the scaling factor FALS0.55 

(Binder et al. 1996), the carbon:cell content was determined for each depth from the 

specific mean cell carbon values and the FALS ratio (FALSsample:FALSmean)
0.55. 

Statistical analyses of microscopy and FCM data 

Samples were categorized as oligotrophic or eutrophic based on integrated 

fluorometric chlorophyll (mg m-2), where locations with <1 mg m-2 integrated chlorophyll 

were considered oligotrophic.  Of the 31 sampled locations, eight were categorized as 

oligotrophic, 18 were eutrophic, and five were considered front sites based on their 

locations relative to outcropping of density surfaces and extremely high total biomass.  
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These included one station on each front transect, station 5 in P0810 and station 10 in 

P1208, and each day of Cycle 1 in P1208.  Integrated carbon biomass from microscopy 

and FCM analyses (Supplementary Table 1) for each of the sites were converted to a 

matrix of Bray-Curtis similarity values and visualized using a non-metric 

multidimensional scaling plot with the vegan package in R (Oksanen et al. 2016).  Ciliate 

data was normalized by the mean ciliate biomass of each category to account for 

differences in the microscopy methods. 

Molecular analysis of planktonic communities 

 Extraction and amplification.  Whole seawater samples of 250 mL were collected 

from the mixed layer (12-20 m) on the first day of each cycle conducted on either side of 

the two fronts, and on the 2012 E-Front (Cycle 1, Fig. 1) for molecular analysis.  

Seawater was filtered onto 0.2 µm Supor filters, before being flash-frozen in liquid 

nitrogen and stored at -80 °C until analysis.  Filtered samples were extracted using the 

NucleoMag 96 Plant kit and amplified using polymerase chain reaction (PCR). 

Eukaryotes were amplified by targeting 18S rDNA in the hypervariable V9 (1389F-

TTGTACACACCGCCC, 1510R-CCTTCYGCAGGTTCACCTAC) and V4 regions (F-

CCAGCASCYGCGGTAATTCC, R-ACTTTCGTTCTTGATYR) and prokaryotes by 

targeting the V3-V4 regions of 16S rDNA (F-GTGYCAGCMGCCGCGGTAA, R-

CCGYCAATTCMTTTRAGT).  Amplified DNA was purified using the AMPure XP kit 

and all samples were pooled at concentrations of no more than 1 ng DNA before 

sequencing on an Illumina MiSeq.  

Sequence processing and phylogenetic assignments.  Illumina MiSeq paired 

sequencing reads from 18S V9 amplicons were quality trimmed to Phred score 30 (Q30, 
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minimum average, in sliding window of size 2 bp).  Paired reads were aligned using 

PEAR (Zhang et al. 2014) and then filtered to remove possible chimeras using 

USEARCH (Edgar 2010), and a minimum length of 50 bp.  Reads from 16S and 18S V4 

were quality trimmed to Q20 due to the lower maximum quality scores of these 

sequences.  Paired reads from 18S V4 were not aligned due to the poor quality of read 2, 

so only read 1 was used.  Quality control measures resulted in a total of 665,944 reads 

(mean 47,567 ± 4,354 per sample) for 18S V9 samples (n = 14), 86,198 reads (mean 

9,577 ± 628 per sample) for 18S V4 samples (n = 9), 296,418 reads (mean 21,172 ± 

1,324 per sample) for 16S samples (n = 14), and 13,509 reads (mean 965 ± 1,018 per 

sample) from plastids (n = 14) from both cruises.  All metazoan sequences were removed 

from both 18S datasets to limit the impact of multicellular organisms, leaving a total of 

370,923 (mean 26,495 ± 2,700 per sample) in the V9 dataset and 82,610 (9,179 ± 602 per 

sample) V4 dataset for both cruises.   

Reads from all three amplicons were clustered into operational taxonomic units 

(OTUs) using SWARM (Mahé et al. 2014), and custom python scripts were used to 

aggregate library specific OTU read counts (https://github.com/allenlab/rRNA_pipeline).  

Rarefaction curves for OTUs from all samples are available in Supp. Fig. 1.  All 

operational taxonomic units (OTUs) from each sample were converted to Bray Curtis 

distances and visualized on an nMDS created using the vegan package in R (Oksanen et 

al. 2016) to assess community similarity.  OTUs were classified by the best hit using 

FASTA36 GLSEARCH (Pearson and Libman 1988) against the appropriate database.  

For 16S, the SILVA v111 database was used (Quast et al. 2013), and any OTUs that were 

classified as potential plastid sequences were separated and re-classified using the 
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PhtyoRef database (Decelle et al. 2015).  For 18S, the PR2 database was used, with 

taxonomic updates from the Tara Oceans W2 (de Vargas et al. 2015).  A total of 7,308 

OTUS were identified in the 18S V9 samples, 11,915 in the 18S V4 samples, and 9,780 

OTUs in the 16S samples.  

 

Results 

Biomass and community composition at the 2012 E-Front 

 E-Front Overview. The E-Front was identified by the shoaling of the 24.5 kg m-3 

isopycnal (Fig. 2c), located between stations 9 and 10 on the front transect and associated 

with 16 °C water at the surface.  There was a sharp increase in subsurface chlorophyll 

concentrations just to the east of the front (Stn. 11, 30 m; Fig. 2d), on the more eutrophic, 

coastal side.  Overall, integrated autotrophic biomass increased 1.7 fold over the 3-km 

distance between stations at the front.  The highest biomass was located at Stns. 10 and 

11, 3,775 mg C m-2 on average compared to 2,287 mg C m-2 at Stn. 9 (Fig. 3c).  A similar 

pattern was seen for heterotrophs, which increased 1.8 fold across the front, from 905 mg 

C m-2 at Stn. 9 to 1,659 mg C m-2 at Stn. 10 (Fig. 4c). 

 Autotrophic community composition.  Based on microscopic analyses, diatoms 

dominated the subsurface chlorophyll maximum at Stn. 11 (Fig. 3c-d) and comprised 

60% and 70% of integrated autotrophic biomass at Stns. 9 and 10, respectively (Fig. 3d).  

The communities at either end of the transect differed in total integrated biomass and 

percent composition.  Stations 1 and 2 were characteristic of oligotrophic waters, with 

low integrated autotrophic biomass (881 mg C m-2 and 910 mg C m-2) and a 

phytoplankton community composed of Prochlorococcus (39% biomass), autotrophic 
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dinoflagellates (24%), and prymnesiophytes (20%).   Similarly, heterotrophic biomass at 

Stns. 1 and 2 was also low (365 mg C m-2 and 605 mg C m-2).  The eutrophic end of the 

front transect had higher integrated autotrophic and heterotrophic biomass (2009 mg C m-

2 and 1016 mg C m-2 at Stn. 13), but lower total biomass than at the front itself.  The 

community composition at Stn. 13 differed from those at either the front or Stns. 1 and 2, 

with Synechococcus (50%) and A-Dinos (29%) dominating and very few diatoms (1%).   

Results of the 18S V9 analyses supported the patterns observed from microscopy 

while revealing deeper details of the taxonomic composition of the front community.   

Dinoflagellate sequences were the most numerous in all samples, but presumably due to 

their high and variable 18S rDNA copy number and not necessarily their true 

numericalcontribution to community composition.  Diatoms (Subphylum Bacillariophyta) 

comprised the next highest portion (14-22%) of total OTUs.  18S V4 results (Supp. Fig. 

2) indicated that these were mostly unidentified species of Brockmanniella (a genus of 

polar-centric Mediophyceae, 40-44%), raphid-pennates (26-28%), radial-centric basal 

Coscinodiscophyceae (an order of polar-centric Mediophyceae, 5-13%), and polar-centric 

Thalassiosira (a genus of polar-centric Mediophyceae, 6-15%).  On the oligotrophic side 

of the front, Brockmanniella (0-4%) decreased dramatically, and Rhizosolenia (a genus of 

radial-centric basal Coscinodisophyceae, 7-26%), Thalassiosira (9-26%), Stephanodiscus 

(a genus of polar-centric Mediophyceae, up to 28%), araphid-pennate Thalassiothrix (a 

genus of Fragilariophycidae, up to 18%), and polar-centric Coscinodiscophyceae (up to 

12%) increased. 

For other eukaryotic taxa in the phytoplankton community, 18S V9 data (Fig. 5) 

identified higher contributions of chlorophytes (up to 10%) and haptophytes (up to 3.6%) 
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in oligotrophic waters compared to the front.  More specifically, haptophytes such as 

Emiliania (11-17%), Chrysochromulina (18-23%), and other Prymnesiophyceae (12-

22%) were abundant on the oligotrophic side of the front, along with chlorophytes in the 

Mammielles (up to 16%) and prasino-clades (up to 17%) (Supp. Fig. 2).  Pelagophytes 

were found in higher percentages at the front (10-15%) than at the more oligotrophic 

stations (2-8%).   

Trends in phytoplankton taxa across the front were even clearer in the plastid data 

from the 16S dataset (Supp. Fig. 4).  While this dataset was more limited in scope and 

total number of reads, the trends in phytoplankton taxa were more readily apparent 

because dinoflagellates and non-phytoplankton were not part of this dataset (Decelle et 

al. 2015.  Again, Prymnesiophyceae dominated on the oligotrophic side of the front, but 

to a much greater extent (45-75%) than in the 18S V4 dataset.  Other Bacillariophyta, the 

majority unidentified, dominated the front (50-84%) and eutrophic sites (28-63%).  

Interestingly, Bacillariophyta and Prymnesiophyceae switched in relative importance 

between the eutrophic and oligotrophic stations, similar to the change from 

Synechococcus to Prochlorococcus across the front discussed below, which was not 

apparent in the 18S datasets.  Further, while Pelagophyceae occurred at the higher 

percentages at fronts in the 18S data, they were most abundant at oligotrophic sites (7.2-

20%) in the plastid data, which is more in line with expectations based on their ecology.  

In addition to the elevated diatom biomass at the front, opposing trends in 

Prochlorococcus and Synechococcus biomass were evident across the frontal transect.  

Prochlorococcus dominated the offshore community (340 mg C m2 at Stn. 1), but 

decreased sharply across the front (13 mg C m2 at Stn. 13).  Synechococcus biomass 
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exhibited the opposite pattern, increasing approximately 20x from Stns. 1 to 13 (140 mg 

C m2 at Stn. 1, 998 mg C m2 at Stn. 13).  16S molecular data (Fig. 6) confirmed this 

observation, showing abundant Synechococcus at the front (up to 14%), on the eutrophic 

side of the front (14-21%), and downstream of the front in eutrophic waters (up to 53%), 

but decreasing sharply on the oligotrophic side of the front (<1%).  Prochlorococcus was 

barely measurable at the front (approximately 0.02%) and very low in eutrophic waters 

near the front (6.4-8.3%), but increased sharply on the oligotrophic side of the front (22-

13%). 

Heterotrophic community composition:  Total integrated biomass of heterotrophs 

was elevated at the E-Front (Fig, 4c), although the increase was less pronounced (1.2 x 

increase of 754 mg C m-2 from Stns. 9 to 10) than that for autotrophs (1,511 mg C m-2 or 

1.7x, Fig. 3c).  H-Dinos dominated the protistan heterotrophs at all stations on the front 

transect, comprising 65-88% (mean 79%) of their biomass.  However, H-Dinos did not 

show an obvious increase at front Stns. 8-10.  In fact, their relative percent contribution 

(Fig. 4d) to heterotrophic community biomass decreased at the front to 65-67% at Stns. 8-

10, while ciliates and other heterotrophs increased in importance (~25% at Stns. 8-10 for 

Cils, and 8% at Stns. 8-10 for H-Other).  Biomass of heterotrophic bacteria also increased 

at the front, from 1207 mg C m-2 at Stn. 9 to 1904 mg C m-2 at Stn. 10 (Supp. Table 1). 

According to V4 data, most dinoflagellates in all samples were uncultured 

Dinophyceae (63-99%, mean 92%), with unknown trophic modes.  However, a small 

percentage of gymnodinoids (max 16%, mean 4%), which are often heterotrophic, were 

identified.  Ciliate OTUs were relatively rare in the front samples, despite visual evidence 

of their presence in the microscopic analyses.  Non-front samples were dominated by 
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aloricate Choreotrichia and Oligotrichia (mean 60%).  18S V9 data also identified 

heterotrophs that were not seen via microscopy, including a small percentage of 

radiolarian OTUs (Fig. 6) at the front (3.4% at 12 m) and MAST OTUs in the 

oligotrophic samples (max 1.8%).   

Heterotrophic bacteria from 16S analyses (Fig. 6) were dominated by 

flavobacteria (9.4-48%, mean 35%).  The alphaproteobacteria of the Order 

Rhodobacterales were common across all samples (4-20%, mean 11%), but especially 

abundant at the front (19-20%) and in oligotrophic samples (13-19%).  Verrucomicrobia 

had a similar distribution, abundant at the front (12-21%) and in oligotrophic samples 

(18% at 60m).  SAR11 was notably more abundant on the oligotrophic side of the front 

(24-30%).   

Comparisons with the 2008 A-Front  

 A-Front Overview. The 2008 A-Front was an east-west front that was also 

characterized by the shoaling of the 24.5 kg m-3 isopycnal and the presence of 16 °C 

water at the surface, which occurred at Stns. 4 and 5 on the front transect for that cruise 

(Landry et al. 2012).  There was a subsurface chlorophyll maximum on the cooler 

northern side of the front, with the highest integrated autotrophic biomass reaching 2930 

mg C m-2 at front Stn. 5 (Taylor et al. 2012).  Autotrophic carbon biomass increased 

approximately 2x from Stns. 3 to 4 on the front, roughly 2.2 km apart.  Integrated 

heterotrophic biomass was highest on the northern side of the front, averaging 420 mg C 

m-2 across Stns. 6-10 (Taylor et al. 2012).  Diatoms and H-Dinos dominated the auto- and 

heterotrophic front communities, respectively (Taylor et al. 2012). 
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 Similarities in autotrophic community composition across fronts.  Both the A- and 

E-Fronts were characterized by high autotrophic biomass dominated by diatoms (Fig. 3b, 

d).  The maximum diatom biomass (Fig. 3a, c) at the E-Front (2,669 mg C m-2 at Stn. 10) 

was just slightly higher than at A-Front (2,010 mg C m-2 at Stn. 5).  Percentage 

contributions of A-Dinos, Pryms, and A-Others to total autotrophic biomass decreased at 

both fronts due to the predominance of diatoms.  Both fronts also exhibited a clear switch 

between Prochlorococcus and Synechococcus at the fronts (Fig. 4a, c).  In the 16S data 

(Fig. 6), Synechoccocus showed similar relative abundances of 17-20% in the 2008 front-

like samples and 14-21% in the 2012 eutrophic-front samples.  Although 

Prochlorococcus was more important at oligotrophic stations in both studies, their 

contributions to the community varied between years (2008: 4.2-20%; 2012: 22-31%). 

While no samples were collected for molecular analysis directly on the A-Front, 

18S V9 data from a location close to the front (2008 Cycle 5, referred to as “front-like” in 

Figs. 5 and 6) showed similarities in diatom relative abundances to E-Front samples 

(2008: 13-20%; 2012: 14-22%).  V9 data from both fronts were dominated by 

dinoflagellate OTUs (2008: 59-69%; 2012: 70-75%), reflective of both their abundance at 

fronts, confirmed via microscopy (Supp. Table 1), as well as the high gene copy number 

of dinoflagellates.  Pelagophytes were most common on the oligotrophic sides of both 

fronts (2008: 4.5-21%; 2012: 3.4-5.2%), as were haptophytes (2008: 5-6.8%; 2012: 3.1-

3.6%).  Chlorophytes were notably higher in the 2008 front-like samples (11-13%) 

compared to the 2012 front samples (approximately 0%).  This could be due to the fact 

that the front-like 2008 samples were not directly on the front, since chlorophytes were 
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found on both the eutrophic (2.2-3.4%) and oligotrophic (8.6-10%) sides of the 2012 

front. 

Although the 18S V4 analysis for the 2008 front-like samples was unsuccessful, 

limiting detailed comparisons between years (Supp. Figs. 1-2), some conclusions can be 

drawn from the 16S plastid analyses (Supp. Fig. 4).  Prymnesiophyceae were comparably 

important on the oligotrophic sides of both fronts (2008: mean 45%; 2012: mean 48%), 

while Bacillariophyta dominated at the fronts (2008: mean 41%, 2012: mean 67%) and in 

eutrophic waters (2012: mean 49%).  Pelagophytes were present in low numbers at the 

fronts and eutrophic sites (2008: 7.5% mean; 2012: mean 5%) but increased in relative 

importance at oligotrophic sites (2008: mean 22%; 2012: 14.3%).  In general, samples 

from 2008 had higher percentages of Mamiellophyceae (2008: mean 4%; 2012: mean 

2.7%) and Prasinophyceae (2008: mean 12%; 2012: mean 1.3%) across all sites.     

 Similarities in heterotrophic community composition across fronts.  H-Dinos 

dominated the biomass of protistan heterotrophs at all stations across the front transects 

(mean 69% in 2008 and 79% in 2012; Fig. 4).  However, they comprised slightly lower 

percentages at and near the fronts (Fig. 4b, d), where H-Others and Cils increased in 

relative importance.  Cils from the A-Front were enumerated by epifluorescence 

microscopy and are therefore likely underestimated, leading to lower Cil biomass in 2008 

versus 2012.  Nonetheless, the trends across the two fronts were similar, with Cils 

increasing slightly in total biomass and percent contribution at the fronts (max 17% at 

2008 Stn. 5 and 24% at 2012 Stn. 10, Fig. 5).  H-Others, largely composed of 

heterotrophic nanoflagellates, increased on the eutrophic sides (max 40% at 2008 Stn. 7 

and 9% at 2012 Stn. 12).  Cercozoans were abundant (12%) in the V9 analyses of the 
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2012 mixed-layer front sample (12 m, Fig. 5) but not present in notable amounts in other 

samples.  

Heterotrophic bacteria had elevated biomass near the front stations on both 

transects (Supp. Table 1). In 2008, peak biomass occurred on the eutrophic side (700 mg 

C m-2 at Stns. 4 and 5, but 1200 mg C m-2 at Stn. 6), while the peak was slightly closer to 

the front at Stn. 10 in 2012 (1904 mg C m-2).  Flavobacteria dominated the 16S dataset in 

all samples (2008: 47%; 2012: 44-46%).  SAR11 was most abundant in oligotrophic 

waters (2008: 15-18%; 2012: 24-30%).  The alphaproteobacteria Rhodobacterales was 

relatively more abundant at the 2012 front than in 2008 front-like samples (2008: 11%; 

2012: 19-20%).  However, their abundances were very similar on the eutrophic (2008: 

11%; 2012: 11-12%) and oligotrophic sides (2008: 7.6-8%; 2012: 6-6.2%) of both 

transects.  Verrucomicrobia were most abundant in the 2012 front samples (12-21%), but 

they were otherwise found at similarly low levels in front-like samples from 2008 (1%), 

eutrophic-side samples from 2012 (~1%), and oligotrophic stations on both transects 

(2008: 1.3-2.1%; 2012: 1.1-1.4%).  The similarities and differences in 16S patterns 

suggest that the 2008 front-like samples closely approximate the front community, but 

may not be an exact representation. 

A distinct front microbial community 

 To determine if the front communities were distinctly different from the adjacent 

eutrophic coastal communities with high primary productivity and planktonic biomass, 

microscopy and molecular data were converted to Bray-Curtis dissimilarities and 

visualized on an nMDS plot with 95% confidence intervals around the weighted means 

for eutrophic, oligotrophic and front samples.  Using data from both fronts, the biomass 
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of all taxa identified by microscopy and flow cytometry were analyzed first (n = 29 

samples), revealing a distinct separation between the oligotrophic and eutrophic samples, 

but no clear difference between eutrophic and front samples (Fig. 7a).  However, a 

similar but more detailed analysis based on the 16S and 18S V9 OTUs from both 2008 

and 2012 revealed distinct differences between the eutrophic and front communities (Fig. 

7b).   

To explore this difference further, the analysis was conducted separately with 16S 

and 18S V9 data.  The 16S results did not show any clear differences between front and 

eutrophic samples, or even between oligotrophic and eutrophic extremes.  The 18S V9 

data, however, showed clear separations among the oligotrophic, eutrophic, and front 

communities, suggesting that the eukaryotic taxa largely explained the differences 

between these communities.  Furthermore, when only the top 99% of all OTUs in both 

16S and 18S V9 data were analyzed together, oligotrophic and eutrophic samples were 

different, but eutrophic and front samples showed a slight overlap.  This suggests that the 

rare biosphere (OTUs <1% of the sample) contributed most to the differences between 

eutrophic and front communities. 

 

Discussion 

 The increased microbial biomass observed at both the A- and E-Fronts is 

consistent with expectations based on other front studies (Franks 1992a, Laubscher et al. 

1993, Moore and Abbott 2002).  The comparable magnitude of total autotrophic biomass 

at each front (2012: 3820 mg C m-2, 2008: 2830 mg C m-2), despite the different years 

and seasons, suggests that there may be an upper boundary to the total autotrophic 
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biomass at CCE fronts.  This could be the result of bottom-up effects such as trace-

nutrient limitation, which can occur at times in the CCE (Bruland et al. 2001, King and 

Barbeau 2007), or self-shading.  Top-down effects from grazing pressure may also play a 

role in setting an upper limit for autotrophic biomass at the fronts, where the high 

biomass concentrations of mesozooplankton were found on both the 2008 (Ohman et al. 

2012) and 2012 (Stukel et al. 2017) front transects. 

 The combination of both microscopy and molecular data to analyze the front 

communities is unique and gives us novel insights into the details of frontal communities.  

Diatom dominance at the fronts is consistent with previous observations (Lauhscher et al. 

1993, Claustre et al. 1994, Moore and Abbott 2002, Taylor et al. 2012), but the fact that 

they comprised approximately 70% of autotrophic biomass at both fronts demonstrates 

surprising consistency.  Upon closer inspection, however, the dominant taxa are notably 

different.  At the E-Front, penates were the most apparent types in microscopical 

analyses, while the molecular data confirmed the presence of both pennate and centric 

taxa.  While molecular data were not available for the A-Front samples, microscopical 

analysis revealed more centric chain-forming taxa and fewer pennates.  This suggests that 

different diatom taxa can fill the same ecological niche at fronts.  

Another unique feature of the front microbial community was the abrupt switch 

between Prochlorococcus and Synechococcus at CCE fronts that mirrors the onshore-

offshore trend that is typically seen for these cyanobacteria (Partensky and Vaulot 1999, 

Johnson et al. 2006, Dupont et al. 2015).  However, the transition from Synechococcus in 

the coastal California Current to Prochlorococcus further offshore has not been 

documented to be as abrupt as observed at the fronts (Taylor et al. 2012, Sudek et al. 
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2015).  The abrupt compositional switch at the fronts highlights the distinct ecological 

niches that these two cyanobacteria occupy, and the sharp discontinuity in environmental 

conditions at ocean fronts.  

 Among heterotrophic bacteria, flavobacteria were ubiquitous, with no clear 

enhancement at the front.  This finding corresponds with evidence that flavobacteria are 

among the most dominant free-living heterotrophic marine bacteria in coastal ocean 

regions (Kirchman 2002, Alonso 2007).  Particle-associated flavobacteria (Kirchman 

2002, Abell 2005b) may also have an advantage at fronts where large amounts of 

particulate organic matter are formed because they are among the few heterotrophic 

bacteria that can utilize the high molecular weight dissolved organic matter produced 

during phytoplankton blooms (Cottrell 2000, Abell 2005a).  

 Notable differences among the two front communities highlight broader issues of 

food web dynamics at fronts.  Of particular interest are the patterns in heterotrophic 

biomass, the predominance of diatoms, and the role of the rare biosphere in shaping the 

front communities.  First, heterotrophic protist biomass was much lower at the A-Front 

compared to the E-Front (Fig. 4a, c). This dramatic difference in biomass can be only 

partially explained by the underestimation of ciliate biomass in the 2008 sampling.  This 

pattern suggests that heterotrophic protists are not as closely tied to the bottom-up drivers 

at fronts as are the autotrophs.  A possible explanation is that their prey – largely in the 

pico (0.2-2 µm) and nano (2-20 µm) size ranges – are not as strongly enhanced the fronts 

as the larger phytoplankton.  Picophytoplankton biomass decreased slightly at the E-Front 

(365 and 277 mg C m-2 at Stns. 9 and 10, respectively) and between Stns. 4 and 5 at the 

A-Front (Taylor et al. 2012), while nanophytoplankton was only slightly elevated at the 
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fronts.  In addition to modest variations in small phytoplankton as a food resource at the 

fronts, greater top-down predation pressures from mesozooplankton at the fronts might 

also contribute to suppressing more dramatic responses of protistan consumers at the 

fronts (Landry 1981, Nejstgaard et al. 2001).  The differing relationships between 

heterotrophic protists and larger mesozooplankton grazers at the two fronts could have 

implications for the length of the planktonic food web, and thus, the energy transfer 

efficiency of front food webs. 

The dominance of different diatom taxa at the two fronts highlights the fact that 

while enhanced nutrient flux at the front appears to generally select for rapidly-

responsive phytoplankton such as diatoms, any r-selected species could dominate these 

communities.  Such differences would have direct implications for the functional roles of 

the dominant phytoplankton taxa at fronts.  One potential difference is in sedimentation 

rates and carbon export at fronts, which can be significantly higher at diatom-dominated 

fronts than in adjacent areas (Stukel et al. 2017).  Larger chain-forming species or more 

silicified diatoms, for example, may have faster sinking rates (Brzezinski et al. 2015) and 

other qualities (e.g., aggregation, consumption by large grazers) that lead to higher 

carbon export at fronts.   

Finally, taxa representing the rare biosphere, here defined as less than 1% of the 

reads in 16S and 18S V9 data, were largely responsible for the distinct community 

compositions between front and adjacent coastal, eutrophic stations in our data.  The 

importance of the rare biosphere has been recognized (Caron and Countway 2009, 

Reeder and Knight 2009, Lynch and Neufeld 2015), but its true ecological role is not yet 

clear.  For example, the rare biosphere hypothetically acts as a source of ecological 
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redundancy from which dormant taxa can be drawn as environmental conditions change 

(Caron and Countway 2009).  The rare biosphere of front communities could therefore 

represent a unique pool of microbial potential that differs from that in nearby coastal 

communities.   

Although dinoflagellates dominated the 18S data, their patterns were not 

examined in detail here due to the issue of their highly variable 18S gene copy number 

and the fact that they were composed largely of uncultured taxa.  However, the high 

biomass of both autotrophic and heterotrophic dinoflagellates in the microscopy analyses 

is at least partially supportive of the high number of dinoflagellate OTUs identified here.  

Future work is needed to untangle the complexities of interpreting 18S Dinophyta data in 

light of their variable copy numbers and vast pool of unreferenced species, which made 

up the majority of dinoflagellate OTUs in the present study. 

 

Conclusions 

Globally, fronts are characterized by high productivity and biomass, but there is 

no a priori reason to expect that the microbial composition of frontal communities should 

be as similar as found in this study.  The striking similarities between two temporally and 

spatially separated fronts in the California Current highlight what are likely the 

distinguishing characteristics of mesoscale fronts in coastal upwelling regions.  The 

fronts exhibited comparable total phytoplankton biomass and very similar taxonomic 

composition, suggesting they experienced similar pressures from nutrient resources 

and/or grazers.  Molecular analyses further demonstrated that the microbial community at 

fronts was distinct from communities in adjacent productive waters.   



65 

 

 
 

The present findings have important implications for the CCE region, where 

fronts have been found to enhance carbon export and sedimentation rates (Stukel et al. 

2017) and are expected to increase in the future (Kahru et al. 2012).  The observed CCE 

trends may also apply to other coastal upwelling or western boundary current regions.  

While enhanced phytoplankton biomass, productivity, and diatom prevalence were 

consistent across the fronts in this study, these features cannot be viewed as static or 

predetermined.  Subtle changes in diatom taxa at the fronts, hinted at in this study, and 

the potential for rare biosphere taxa to respond favorably to environmental changes in the 

future, could have significant impacts on microbial community composition at fronts, 

impacting marine food web function and carbon export.  To understand the range of 

variability and potential for change, more detailed information is needed from molecular 

analysis of front communities and the bottom-up and top-down mechanisms that regulate 

the outcomes of frontal community dynamics.   
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Figure 4.1 Map of CCE LTER sample locations in 2008 and 2012 used in this study. 
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Figure 4.2 Temperature (°C) and fluorometric chlorophyll a (µg L-1) measurements from 

the front transect stations in (a-b) P0810 A-Front and (c-d) P1208 E-Front.  Contour lines 

on all panels indicate isopycnals. 
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Figure 4.3 A-Front (a) autotrophic depth-integrated biomass (mg C m-2) and (b) percent 

biomass by type for the front transect stations and cycles on either side of the front (C5 

and C6).  The same is shown in panels (c) and (d), respectively, for the E-Front transect 

stations and cycles on either side of that front (C3 and C4).  Dashed lines indicate the 

location of the fronts along the transects. 
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Figure 4.4 A-Front (a) heterotrophic depth-integrated biomass (mg C m-2) and (b) 

percent biomass by type for the front transect stations and cycles on either side of the 

front (C5 and C6).  The same is shown in panels (c) and (d), respectively, for the E-Front 

transect stations and cycles on either side of that front (C5 and C6).   Dashed lines 

indicate the location of the fronts along the transects.   



70 

 

 
 

 

Figure 4.5 Percent abundance of 18S V9 rDNA reads from select samples in 2008 and 

2012.  Bold text indicates cycles that are on or closest to their respective fronts.  Labels 

refer to samples from the following years and cycles: 2012 Front from 2012 Cycle 1, 

2008 Front-like from 2008 Cycle 5, 2012 Eutrophic-Front from 2012 Cycle 3, 2012 

Downstream Front from 2012 Cycle 5, 2012 Oligotrophic-Front from 2012 Cycle 2, 2012 

Oligotrophic from 2012 Cycle 4, and 2008 Oligotrophic-Front from 2008 Cycle 6. 
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Figure 4.6 Relative percent abundance of 16S rDNA amplicons from select samples in 

2008 and 2012.  Bold text indicates cycles that are on or closest to their respective fronts.  

Labels refer to the same samples identified in the Figure 4.5 caption. 
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Figure 4.7 NMDS plots of Bray-Curtis dissimilarity for integrated sample biomass of all 

plankton groups measured by microscopy (a, n = 29) and molecular analyses of 18S V9 

and 16S rDNA (b, n = 14).  Ellipses show 95% confidence intervals around the weighted 

average means for each of the three groups: eutrophic, oligotrophic, and front.  Frontal 

sites were identified as such by their location on or immediately adjacent to the identified 

front.  Samples with integrated chlorophyll a levels ≥ 1 mg Chl a m-2 and/or ≥ 0.5 µM 

nitrate and nitrite concentrations were categorized as eutrophic and those < 1 mg Chl a m-

2 and/or < 0.5 µM were categorized as oligotrophic.   
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Supplementary Figure 4.1 Rarefaction curves for all OTUs by sample in the 16S, 18S 

V9, and 18S V9 datasets.  
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Supplementary Figure 4.2 Percent abundance of 18S V4 rDNA reads for diatoms 

(Bacillariophyta) from select samples in 2008 and 2012.  Bold text indicates cycles that 

are on or closest to their respective fronts.  Labels refer to the same samples identified in 

the Figure 4.5 caption. 
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Supplementary Figure 4.4 Percent abundance of 16S rDNA reads identified as 

eukaryotic plastids in 2008 and 2012.  Bold text indicates cycles that are on or closest to 

their respective fronts.  Labels refer to the same samples identified in the Figure 4.5 

caption. 
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CHAPTER 5. 

Impacts of the 2014 Blob on microbial community dynamics in the southern 

California Current  

 

Abstract 

We investigated the microbial community composition and plankton food web 

dynamics in the southern California Current during the anomalous environmental 

conditions of summer 2014.  The so-called “Blob” was a large pool of anomalously warm 

water that enhanced stratification and reduced nutrient availability, leading to decreased 

plankton biomass and primary production.  Using dilution experiments to assess impacts 

on phytoplankton growth and microzooplankton grazing rates, and 16S and 18S rDNA 

metabarcoding to characterize the microbial community, we compared our findings to 

similar data collected during typical environmental conditions in 2006 and 2007.  We 

found that there were significant changes in plankton growth and grazing dynamics 

during the Blob, but not in microbial community composition.  The coastal environment 

was dominated by chlorophytes (up to 43%), dinoflagellates (up to 86%), Synechoccocus 

(up to 44%), and Flavobacteria (up to 67%).  Although chlorophyte dominance is 

uncommon in coastal upwelling areas of the CCE, which are usually associated with high 

biomass of diatoms, it is not unprecedented.  Phytoplankton growth rates were slightly 

depressed compared to normal years (0.40 day-1 in 2014 vs. 0.44-0.54 day-1 in 2006-07) 

at coastal locations.  Grazing rates were also higher at coastal sites during 2014 (0.39 day-
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1 in 2014 vs. 0.21-0.29 day-1 in 2006-07), with the majority of daily phytoplankton 

growth consumed by micrograzers.  The funneling of most, if not all, phytoplankton 

growth through micrograzers decreased food web energy efficiency by increasing the 

number of trophic steps, and may partially explain the decreased energy available to large 

marine organisms during the 2014 anomalous warm-water event.  

 

Introduction 

 The southern California Current is a dynamic region that exhibits large-scale 

onshore-offshore trends in plankton diversity and biomass, as well as mesoscale 

variability due to fronts, jets and eddies (Checkley and Barth 2009).  In 2014, the 

southern California Current region was directly affected by the Blob, a phenomenon of 

anomalously warm water (~2 °C anomaly) in the North Pacific that persisted for many 

months (Kintisch 2015, Peterson et al. 2015a).  Initially appearing off of the Alaskan 

coast in fall 2013 as a result of a high atmospheric pressure ridge, the Blob entered a 

second phase in spring 2014 after the pressure ridge disappeared (Kintisch 2015, Peterson 

et al. 2015a).  During this second phase, warm water along the west coast of North 

America eventually resolved into two distinct, warm water pools, one near Washington 

state in the U. S. and the other near Baja California in Mexico (Kintisch 2015, Peterson et 

al. 2015a).  Climate models suggest that the Blob was the result of increasing variability 

in the Pacific Decadal Oscillation and the North Pacific Gyre Oscillation associated with 

climate change (Di Lorenzo and Mantua 2016).  Thus, similarly intense environmental 

phenomena could become more common in the future ocean (Di Lorenzo and Mantua 

2016). 
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The warm ocean temperatures during the Blob were associated with decreased 

westerly winds, weaker currents, and increased stratification of the water column 

(Petersen et al. 2015b).  These temperature-stratified conditions resulted in decreased 

phytoplankton biomass (Gómez-Ocampo et al. 2017) and primary productivity (Whitney 

2015), which impacted the ranges and health of many marine organisms.  For example, 

many species of warm-water copepods, sardine, and anchovy larvae were found in the 

northern California Current far beyond their normal ranges (Peterson et al. 2016), while 

various tropical fish (Hendricks 2015) and crustaceans (Gorman 2016) were observed in 

the normally too-cold California Current (Leising et al. 2015).  In addition, widespread 

starvation and death of Cassin’s auklets in late 2014 (Opar 2015) and California sea lions 

during 2013-15 (NOAA 2017) have been attributed to the Blob’s low productivity 

conditions.   

Here, we characterized for the first time the impact of the Blob on microbial 

community composition and rates of phytoplankton growth and microzooplankton 

grazing in the southern California Current.  Based on previously noted sightings of 

uncommon tropical marine organisms (Peterson et al. 2016, Hendricks 2015, Leising et 

al. 2015, Gorman 2016), low levels of phytoplankton biomass (Gómez-Ocampo et al. 

2017) and primary productivity (Whitney 2015), and the harmful impact of these 

conditions on higher trophic levels (Opar 201, NOAA 2017), we expected a dramatic 

shift in the microbial community composition and food web dynamics compared to 

previous measurements in the southern California Current.  Moreover, because of the 

warm, low-nutrient conditions across the southern California Current region during this 

time, we expected that small phytoplankton (i.e. Synechococcus, Prochlorococcus, and 
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picoeukaryotes) would dominate the plankton community at all sampled locations.  

Anticipating a less efficient food web with more trophic flow through micrograzers, we 

hypothesized that daily phytoplankton growth would be consumed by microzooplankton 

at rates significantly higher than previously observed in the California Current.   

 

Methods 

Study Site 

 Sampling and process studies were conducted in the California Current near Point 

Conception from 6 August to 4 September 2014 on the R/V Melville.  Experiment 

locations were chosen to represent coastal and offshore regions, as well as the low-

salinity core of the California Current located a few 100 km offshore (Fig. 1).  

Anomalously warm sea surface temperatures were measured at all locations during the 

cruise (Fig. 2a).  

Semi-Lagrangian drift array and dilution experiments 

 We used a satellite-tracked drift array with a drogue anchored in the mixed layer 

to track individual water masses for periods of 3-4 days, called experimental cycles.  At 

the start of each cycle, we collected seawater for experiments from a CTD cast, and once 

the experimental dilution bottles were prepared, they were attached to the drifter line with 

mesh bags at specific depths.  The drift array was deployed for 24-h before being 

recovered and re-deployed with a new set of experiments.  This process continued daily 

until the end of the experimental cycle, resulting in 3 consecutive, 24-h experiments in 

the same water mass.  
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Dilution experiments were deployed at multiple depths to determine the rates of 

phytoplankton growth and microzooplankton grazing in situ.  Two sets of dilution 

experiments were run each day: regular two-treatment dilutions and size-fractioned 

dilutions.  For the two-treatment experiments, a single diluted bottle (33% whole 

seawater with 0.1-µm filtered seawater) and an undiluted community bottle (Landry et al. 

2009) was prepared with water from each of 6 depths in the euphotic zone.  Size-

fractioned experiments were replicated three-point dilutions with 2 bottles filled with 

18% of 200-µm prefiltered seawater and 0.1-µm filtered seawater, 2 bottles filled with 

47% of 200-µm filtered seawater, and 2 bottles filled with 200-µm prescreened undiluted 

seawater.  These 6 bottle size-fractioned experiments were prepared from, and deployed 

at, a single depth in the mixed layer. 

Samples for initial and final chlorophyll a (Chl a) concentration (250 ml 

seawater) were collected for each 2-treatment experiment, extracted in 8 ml 90% acetone 

for 24 h, and analyzed on shipboard with a Turner 10AU fluorometer according to the 

standard procedures of the California Cooperative Oceanic and Fisheries Investigations 

(CalCOFI, http://calcofi.org/ references/methods/8-chlorophyll-methods.html).  Samples 

for flow cytometry (FCM) analysis (1 ml sample and 0.5% paraformaldehyde, v/v final 

concentration) were collected from every experimental bottle at the beginning and end of 

each experiment.  Initial and final samples were also collected for molecular analysis of 

18S and 16S rDNA in each dilution experiment (250 ml from the 2-treatment, 500 ml 

from the size-fractioned dilutions).   
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Water from the same Niskin bottles used to set up the dilution experiments was 

also analyzed for dissolved nutrient concentrations (nitrate, nitrite, phosphate, and silica; 

http://calcofi.org/ccpublications/calcofi-methods/422-nutrient-methods.html), primary 

production via 14C uptake experiments, which were incubated simultaneously with 

dilution experiments (http://calcofi.org/references/methods/25-primary-

productivity.html), and epifluorescence microscopy (Taylor et al. 2015).  Data was 

obtained through the CCE Long-Term Ecological Research (LTER) Datazoo online 

database.  

Flow cytometry analysis of bacterial communities 

 Seawater samples of 1 ml were preserved with 0.5% paraformaldehyde (v/v, final 

concentration), flash frozen in liquid nitrogen, and stored at -80 °C.  Prior to analysis, 

samples were thawed and stained with Hoechst 34442 (1 mg ml-1) for 1 h in the dark 

(Monger and Landry 1993).  Aliquots of 100 ml were analyzed using a Beckman Coulter 

EPICS Altra flow cytometer with a Harvard Apparatus syringe pump for volumetric 

sample delivery and two argon lasers tuned to UV (200 mW) and 488 nm (1 W) 

excitation.  Fluorescence signals were collected using filters for Hoechst-bound DNA 

(blue fluorescence, 450 nm), phycoerythrin (orange fluorescence, 575 nm) and Chl a (red 

fluorescence 680 nm), and normalized to external standards of 0.5 mm yellow-green and 

0.5 mm UV polystyrene beads.  Cell fluorescence and light-scatter properties were 

acquired with Expo32 software and subsequently analyzed with FlowJo software to 

define heterotrophic bacterial (H-Bact) populations based on DNA presence (all living 

cells), absence of photosynthetic pigment and light-scatter signals (forward and 90° light 

scatter, measures of relative size).  
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Cell abundance estimates for Synechococcus and Prochlorococcus from FCM 

analysis were converted to carbon biomass using carbon per cell conversions, with bead-

normalized forward angle light scattering (FALS) as a relative size measure.  Estimates 

of cell carbon content were made using mixed layer estimates of 32 and 101 fgC cell-1 for 

Synechococcus and Prochlorococcus, respectively (Brown et al. 2008).   

Molecular analysis of planktonic communities 

 Extraction and amplification.  Seawater samples of 250-500 ml were collected 

directly from the CTD Niskin bottles for initial measurements and from each dilution 

bottle at the end of the 24-h incubations.  Samples were filtered onto 0.2-µm Supor 

filters, flash frozen in liquid nitrogen, and stored at -80 °C until analysis.  Filtered 

samples were extracted using the NucleoMag 96 Plant kit and amplified using 

polymerase chain reaction (PCR).  Eukaryotes were amplified by targeting 18S rDNA in 

the hypervariable V9 (1389F-TTGTACACACCGCCC, 1510R-

CCTTCYGCAGGTTCACCTAC) and V4 regions (F-CCAGCASCYGCGGTAATTCC, 

R-ACTTTCGTTCTTGATYR) and prokaryotes by targeting the V3-V4 regions of 16S 

rDNA (F-GTGYCAGCMGCCGCGGTAA, R-CCGYCAATTCMTTTRAGT).  

Amplified DNA was purified using the AMPure XP kit and all samples were pooled at 

concentrations of no more than 1 ng DNA before sequencing on an Illumina MiSeq.  

Sequence processing and phylogenetic assignments.  Illumina MiSeq paired 

sequencing reads from 18S V9 amplicons were quality trimmed to Phred score 30 (Q30, 

minimum average, in sliding window of size 2 bp).  Paired reads were aligned using 

PEAR (Zhang et al. 2014) and then filtered to remove possible chimeras using 
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USEARCH (Edgar 2010) and a minimum length of 50 bp.  Reads from 16S and 18S V4 

were quality trimmed to Q20 due to the lower maximum quality scores of these 

sequences.  Paired reads from 18S V4 were not aligned due to the poor quality of read 2, 

so only read 1 was used.  Quality control measures resulted in a total of 523,266 reads 

(mean 47,569 ± 22,207 per sample) for 18S V9 samples (n=11), 217,777 reads (21,777 

mean ± 7,243 per sample) for 18S V4 samples (n=10), 395,629 reads (mean 35,966 ± 

13,380 per sample) for 16S samples (n=11), and 1,494 reads (mean 276 ± 421 per 

sample) from plastids (n=9) from both cruises.  All metazoan sequences were removed 

from both 18S datasets to limit the impact of multicellular organisms, leaving a total of 

89,324 (mean 14,887 ± 5,857 per sample) in the V9 dataset and 199,337 (19,933 ± 5,806 

per sample) V4 dataset.   

Reads from all three amplicons were clustered into operational taxonomic units 

(OTUs) using SWARM (Mahé et al. 2014), and custom python scripts were used to 

aggregate library specific OTU read counts (https://github.com/allenlab/rRNA_pipeline).  

Rarefaction curves for OTUs from all samples are available in Supp. Fig. 1.  All 

operational taxonomic units (OTUs) from each sample were converted to Bray Curtis 

distances and visualized on an nMDS created using the vegan package in R (Oksanen et 

al. 2016) to assess community similarity.  OTUs were classified by the best hit using 

FASTA36 GLSEARCH (Pearson and Libman 1988) against the appropriate database.  

For 16S, the SILVA v111 database was used (Quast et al. 2013), and any OTUs that were 

classified as potential plastid sequences were separated and re-classified using the 

PhtyoRef database (Decelle et al. 2015).  For 18S, the PR2 database was used, with 

taxonomic updates from the Tara Oceans W2 (de Vargas et al. 2015).  A total of 3,685 
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OTUS were identified in the 18S V9 samples, 5,574 in the 18S V4 samples, and 3,970 

OTUs in the 16S samples.  

Calculation of phytoplankton growth and mortality due to grazing rates 

 Growth and grazing rates were calculated with results from two analytical 

methods: flow cytometry and metabarcoding of 16S and 18S rDNA.  Apparent growth 

rate (day-1) in each experimental bottle was calculated using initial and final 

measurements of cell abundance (i.e. FCM) or percent abundance of sequence reads per 

OTU (i.e. metabarcoding).  The apparent growth rate of each bottle at all dilution levels 

was graphed and a linear regression used to calculate the instantaneous phytoplankton 

growth (intercept of the line) and mortality due to grazing (slope of the line) for each 

experiment (Landry and Hassett 1982).  

  FCM data were used to calculate growth and grazing rates of Synechococcus, 

Prochlorococcus, and picoeukaryote cells using daily changes in cell abundances.  For 

metabarcoding data, the percent abundances of OTUs per sample were used instead of 

raw sequence reads to account for the semi-quantitative nature of the amplification and 

sequencing techniques.  Thus, the relative growth and grazing rates obtained using this 

type of data refer to changes in the abundance of reads per day recovered in the sample, 

but not to actual changes in cell abundance per day.  A conversion factor for 

Synechoccocus was also estimated using the FCM-based biomass data and the 

corresponding metabarcoding percent abundances in the same samples.  

 

Results 
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Microbial community composition  

 18S V9 data revealed that the eukaryotic community in the mixed layer of the 

southern California Current during the study period was largely dominated by either 

Dinophyceae (16-86%, mean 59%) or Chlorophyta (6-43%, mean 22%), depending on 

location (Fig. 3).  With the exception of Cycle 1, which had more Dinophyceae (86%) 

than any other sampled location, Chlorophyta (42-43%) were relatively more abundant at 

coastal locations, while Dinophyceae (54-58%) comprised the majority of the reads in the 

California Current waters and offshore locations (Fig. 3).  Even at the coastal sites where 

Chlorophyta were most abundant, Dinophyceae were still a significant portion of the 

community (16-24%).  Dinoflagellate relative abundance should be interpreted with care, 

however, because they tend to have high and variable rDNA copy numbers.  Nonetheless, 

dinoflagellates are known to be numerous in the CCE, often dominating community 

biomass based on microscopy so their importance in the molecular results is not 

unreasonable (Taylor et al. 2012, Taylor et al. 2015).  Stramenopiles include the diatoms 

that normally dominate coastal upwelling zones in the California Current Ecosystem 

(CCE), but these were only relatively abundant at one coastal location (Cycle 2, 31%) 

during the Blob.  For the most part, Stramenopiles were a small, but consistently present, 

minority in the plankton community at all locations (2-4%).  Interestingly, neither 

chlorophytes nor dinoflagellates were significantly correlated with environmental 

conditions such as temperature or nutrients, but stramenopiles were significantly 

correlated with nutrient concentrations.  Stramenopiles correlated with conditions 

associated with upwelling, including higher nitrate and nitrite concentrations (r=0.54, 

p<0.05) and silica concentration (r=0.64, p<0.01)  
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 The results of the 18S V4 dataset, which identifies higher taxonomic resolution, 

indicated that taxa in the Prasino-Clades (i.e. prasinophytes) were the most numerous 

group of Chlorophyta (12-73%, mean 49%, Fig. 4).  Cycle 2 was the lone exception to 

this pattern, with the tiny taxa in Mammiellales comprising the majority of chlorophytes 

(26%, with 18% likely Ostreococcus sp.).  The V4 data also revealed high percentages of 

Prymnesiophyceae at all locations (22-55%, mean 39%), which were not apparent in the 

V9 dataset.  In Cycle 2, prymnesiophytes were even more numerous than chlorophytes 

(40% vs. 55%), contrary to the V9 results.  Cycles 2 and 3 appeared to be comparable 

coastal communities in the V9 dataset that were both dominated by chlorophytes (42% 

and 43%, respectively, Fig. 3), but the V4 data exposed the different composition of 

dominant picoeukaryote taxa in these coastal locations: prymnesiophytes in Cycle 2 and 

prasinophytes in Cycle 3 (Fig, 4).   

The majority of Dinophyceae sequences in the V4 dataset were identified as 

uncultured taxa (81-97%, mean 92%) and are not shown here.  However, 17% of 

Dinophyceae sequences in Cycle 2 were identified as Gymnodiniales, in stark contrast to 

the other cycles which had only ~2-3% Gymnodiniales.  Cycle 2, the only cycle with a 

notable percentage of Stramenopiles in the V9 dataset (31%, Fig. 3), had very different 

types of Stramenopiles than the other cycles (Fig. 5).  Cycle 2 included raphid-pennate 

diatoms such as Pseudo-nitzschia (22%), unidentified Stramenopiles (21%), and polar-

centric Mediophyceae diatoms (15%), while Cycle 3 was dominated by Pelagophyceae 

(64%) and Cycles 4 and 5 by a different type of polar-centric Mediophyceae (52% and 

71%, respectively, Fig. 5).  Unfortunately, no V4 samples from Cycle 1 were successfully 
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amplified and sequenced, so there are no further details on the community composition at 

that location.  

Plastid sequences from the 16S dataset further highlighted the patterns seen in the 

V9 and V4 datasets: prasinophytes and prymnesiophytes dominant across all locations 

(Fig. 6).  In this dataset, Prasinophyceae ranged from 32-69% of the assemblage (mean 

45%) and were the most abundant group in Cycles 2-4 (Fig. 6).  Here, Prymnesiophyceae 

were not as abundant in the coastal locations (~12%) as they were in the California 

Current (30%) and offshore (35%, Fig. 6).  The presence of Bacillariophyceae (4%), 

Coscinodiscophyceae (12%), and other Bacillariophyta (10%) in Cycle 2 reaffirmed the 

significant presence of diatoms at this single location (Fig. 6).  Finally, the plastid data 

revealed more details of the Chrysophyceae and Dictyophyceae groups, which were 

nearly absent from the V4 dataset.  Both Chrysophyceae (11-15%) and Dictyophyceae 

(~7%) were most abundant at offshore locations.  

Bacterial community composition showed a clear pattern across all sampled 

locations (Fig. 7) pointing to three distinct communities: coastal communities in Cycles 2 

and 3, offshore communities in Cycles 4 and 5, and a unique community in Cycle 1.  

Coastal and offshore locations exhibited the expected switch in dominance between 

Synechoccocus and Prochlorococcus, with Synechococcus dominant in coastal waters 

(40-44%) and Prochloroccocus dominant in offshore waters (~34%).  This was further 

highlighted by the significant, negative correlation between Prochlorococcus and primary 

production (r=-0.53, p<0.05), which is lower offshore where Prochlorococcus are most 

abundant.  Moreover, Synechococcus was significantly correlated with nitrate and nitrite 
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concentrations (r=-0.55, p<0.05), while Prochlorococcus was significantly correlated 

with phosphate instead (r=-0.74, p<0.01).  Both offshore and coastal locations had high 

percentages of Alphaproteobacteria (18-19% coastal, 24-32% offshore) and Flavobacteria 

(24-25% coastal, 21-28% offshore).  Cycle 1 was dominated by Flavobacteria (75%) and 

had only small percentages of Synechococcus (9%), Alphaproteobacteria (8%), and 

Verrucomicrobia (7%), making it unique from the other sites sampled.  Flavobacteria was 

also significantly correlated with conditions common in productive, upwelling waters, 

including lower temperatures (r=-0.54, p<0.05) and higher nitrate and nitrite 

concentrations (r=0.55, p<0.05), Chl a (r=0.59, p<0.05), and primary production (r=-

0.53, p<0.70).  

Finally, some taxa co-occurred with others across the 16S and 18S datasets, 

possibly pointing to similar environmental preferences among organisms and/or grazing 

pressures.  Stramenopiles and Planctomycetes were significantly positively related 

(r=0.57, p<0.05), as indicated previously (Morris et al. 2006, Pizzetti et al. 2011, Allen et 

al. 2012).  Dinoflagellates were significantly positively correlated with Synechococcus 

(r=-0.61, p<0.05), haptophytes (r=0.58, p<0.05), and cryptophytes (r=0.83, p<0.001).  

Chlorophytes were significantly correlated with picozoans (r=0.73, p<0.01, 

choanoflagellates (r=0.64, p<0.05), Katablepharidophyta (a clade within the Hacrobia, 

r=0.85, p<0.0001), all of which are small (<20 µm) phagotrophic or heterotrophic 

flagellates (Marchant and Scott 1993, Boenigk and Arndt 2000, Okamoto et al. 2009, 

Seenivasan et al. 2013). 

Comparison between the Blob and normal years in the CCE 
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The microbial communities in 2014 were similar to those in samples collected 

from the mixed layer in the CCE at various coastal and offshore locations during previous 

years (Fig. 8, 9).  Samples from three days in offshore 2014 Cycle 5 clustered very 

closely with other oligotrophic samples, and 2014 Cycle 2 was most similar to other 

eutrophic locations that also had a significant portion of Stramenopiles.  Although 2014 

Cycle 3 was close to the coast and considered coastal based on its location, it was 

categorized as oligotrophic based on total integrated chlorophyll a and nitrate and nitrite 

concentrations, and the 16S community did not cluster closely with either the eutrophic 

or oligotrophic groups.  This is interesting considering that Cycle 3 appeared similar to 

Cycle 2 16S communities based on the percent taxonomic composition of broad 

taxonomic categories (Fig. 7).  The 18S V9 data tells a slightly different story, with one 

day of Cycle 3 grouping closely with the oligotrophic cluster and another day separated 

from the cluster, suggesting that there were fairly significant changes in the eukaryotic 

assemblage over a short period of time.  Similarly, both datasets show significant 

separation between two days of 2014 Cycle 2, suggesting that the community shifted 

dramatically over just a few days in that cycle as well.  These results show that the 

community composition in these two coastal cycles was dynamic, changing rapidly as the 

water parcels advected offshore (Fig 1).  

Epifluorescence microscopy and flow cytometry data available from the 

California Current Oceanographic and Fisheries Investigations (CalCOFI) program from 

2005-2013, offers further insight into the seasonal trends in the CCE, which must be 

taken into account when comparing the “normal” years of spring 2006 and 2007 with the 

Blob of summer 2014.  Direct comparison of the CalCOFI plankton biomass data from 
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spring and summer 2005-2013 at a representative coastal station (CalCOFI station 80.55) 

with spring and summer 2014 shows substantially higher total biomass of autotrophs and 

heterotrophs during spring (Fig. 10c, 2005-2013: 50 ± 9 µg C L-1, 2014: 99 µg C L-1), and 

a much lower total biomass during summer (Fig. 10c, 2005-2013: 85 ± 11 µg C L-1, 

2014: 29 µg C L-1).  Diatoms comprised a much smaller percentage of the spring and 

summer 2014 phytoplankton communities (Fig. 11c, spring and summer 2014: 24% and 

17%, spring and summer 2005-2013: 50% and 53%), while pico-sized taxa increased, 

including Synechococcus (spring: mean 4% vs. 24% in 2014, summer: mean 9% vs. 43% 

in 2014) and autotrophic flagellates (spring: mean 12% vs. 35% in 2014, summer: mean 

12% vs. 21% in 2014).  When both autotrophs and heterotrophs are considered, the 

percentage of picoplankton is even greater during the Blob (Fig. 11b, 2014: 48% and 

70%, 2005-2013: 24% and 30%) because of the disproportionate increase in 

heterotrophic bacteria (Fig. 10d, 2014: 26% and 31%, 2005-2013: 21% and 20%).  

Prymnesiophytes increased slightly during summer 2014 compared to the 9-year mean 

(Fig. 11b, 11% vs. 6%); however, the microscopy category A-Flag, which did increase 

during the Blob, is composed of small eukaryotes that may have been indistinguishable as 

prymnesiophytes specifically.   

Phytoplankton growth rates 

Chlorophyll a results. Phytoplankton community growth rates in the mixed layer, 

as determined from the 2-treatment experiments, ranged from a minimum of 0.26 d-1 

offshore to a maximum of 0.58 d-1 at the coast (Table 1).  Growth rates at coastal 

locations (Cycles 1-3) were 0.40 d-1 on average, slightly higher than the offshore average 
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growth rate (0.30 d-1).  Compared to previous measurements in the same study region 

during May 2006 and April 2007, years that exhibited typical conditions in the CA 

Current, coastal growth rates during the Blob were slightly lower (2014: mean 0.40 d-1, 

2006-07: mean 0.52 d-1), as were offshore growth rates (2014: mean 0.30 d-1, 2006-07: 

mean 0.40 d-1, Table 1).    

Flow cytometry results.  Taxon-specific growth rates were determined from both 

the 2-treatment and the size-fractioned dilution experiments in the mixed layer.  Growth 

rates from the former calculated from FCM cell abundances ranged from 0.35-1.20 d-1 for 

Synechococcus, 0.21-0.97 d-1 for Prochlorococcus, and 0.58-1.95 d-1 for picoeukaryotes.  

The growth rates of Synechococcus, Prochloroccus, and picoeukaryotes in the size-

fractioned experiments, which were filtered through 200-µm mesh to leave only 

micrograzers, had narrower ranges (Synechococcus: 0.10-0.52 d-1, Prochlorococcus: 

0.53-0.64 d-1, picoeukaryotes: 0.18-0.51 d-1).  Despite this difference, however, the mean 

growth rates of each taxa per cycle were not significantly different between the standard 

2-treatment and size-fractioned experiments.  Furthermore, the differences that were 

observed between growth rates in each experiment did not exhibit a consistent pattern 

(e.g. higher or lower growth rates for taxa at all locations).     

Molecular data results.  Potential growth rates were calculated for Synechococcus 

and Prochlorococcus using the change in percent abundance of Prochlorococcus and 

Synechococcus 16S sequence reads in initial and final size-fractioned dilution experiment 

bottles.  Based on this data, Synechococcus ranged from 0.37-1.14 d-1 and 

Prochlorococcus from 0.47-0.81 d-1.  While the magnitudes of the growth rates 
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determined using FCM and molecular data are not directly comparable because one 

measures actual changes in cell abundances and the other relative change in sequence 

numbers, the trend was the same for both methods.  Ordering the cycles from highest to 

lowest growth rates using both methods returned the same results for Synechocccocus: 

Cycle 4, Cycle 2, Cycle 5 and Cycle 3.  This was not true for Prochlorococcus; however, 

and the less robust results for Prochlorococcus likely contributed to the mismatch in 

trends.   

To further characterize the relationship between these two measurements of 

Synechoccocus growth, cell abundance (ml-1) and sequence reads (ml-1) were plotted 

against each other (Fig. 12).  There was a positive linear relationship between 

Synechoccocus cell and sequence abundances (y = 3702.6x + 1210.1, R2 = 0.60), which 

supports the use of metabarcoding sequence data to calculate relative growth rates, at 

least for this group. 

 Assuming that the relative growth rates from molecular data more broadly reflect 

the trends in growth from cell abundance, we applied the same technique to the full 18S 

V9, 18S V4, and 16S datasets.  Mean relative growth rates for the most dominant taxa, 

calculated as the change in percent abundance of sequences, were compared to the mean 

Chl a (µg L-1) at each sampled location to determine which taxa grew fastest under 

conditions of low to high trophic richness (Fig. 13a).  In the 16S dataset, 

Alphaproteobacteria and Gammaproteobacteria were the fastest growing 

bacterioplankton at low Chl a (Fig. 13a).  With the exception of two experiments where 

Synechococcus grew the fastest, they generally maintained low growth rates (Fig. 13a).  
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This pattern suggests that trophic conditions had less impact on Synechococcus growth 

than other factors, such as grazing pressure.  In the 18S V9 dataset, Dinophyceae, 

Haptophyta, which included prymnesiophytes, and Stramenopiles, achieved the highest 

growth rates at all Chl a concentrations (Fig. 13b).  Interestingly, although chlorophytes 

were the most abundant sequence at most locations, they did not have the highest relative 

growth or exhibit the largest changes in relative growth rates across locations.  

Examining the growth rates of the picoeukaryote taxa with the 18S V4 data, revealed that 

Mammielles grew fastest at low Chl a, while pelagophytes and prasinophytes grew 

fastest at higher Chl a (Fig. 13c).    

Rates of phytoplankton mortality due to microzooplankton grazing 

Chlorophyll a results.  Microzoolankton grazing rates on the phytoplankton 

community in the mixed layer ranged from 0.27 d-1 offshore to 0.55 d-1 near the coast, as 

determined from the 2-treatment experiments (Table 1).  Grazing rates at coastal 

locations (Cycles 1-3) were 0.38 d-1 on average, slightly higher than the offshore average 

growth (0.30 d-1).  The highest grazing rates were recorded in Cycle 3 (0.55 d-1), along 

with the highest growth rates (0.58 d-1).  This cycle was dominated by small 

chlorophytes, which are suitable prey for micrograzers.  Compared to grazing rates 

measured during 2006 and 2007 when conditions in the CCE were considered normal, 

coastal grazing rates were elevated (2014: mean 0.39 d-1, 2006-07: 0.28 d-1) and offshore 

grazing rates were similar (2014: mean 0.30 d-1, 2006-7: mean 0.35 d-1, Table 1).  

Flow cytometry results.  Taxa-specific growth rates from 2-treatment experiments 

ranged from 0.57-1.53 d-1 for Synechococcus, 0.06-0.73 d-1 for Prochlorococcus, and 
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0.55-2.01 day-1 for picoeukaryotes.  In the size-fractioned experiments, the growth rates 

of Synechococcus, Prochloroccus, and picoeukaryotes were 0.00-0.53 d-1, 0.48-1.09 d-1, 

and 0.26-0.43 d-1.  Overall, the grazing rates in the size-fractioned experiments had 

narrower ranges and lower maxima, suggesting that some larger micrograzers may have 

been removed or damaged during the prefiltration process.  The percentage of daily 

growth grazed for Synechoccocus and Prochlorococcus at coastal sites was higher on 

average in the size-fractioned experiments (114% Synechoccocus and 134% 

Prochlorococcus vs. 69% Synechococcus and 79% Prochlorococcus, Table 2), and lower 

on average offshore (63% Synechococcus and 81% Prochlorococcus vs. 146% 

Synechococcus and 91% Prochlorococcus).        

Molecular data results.  Mean grazing rates for the most dominant taxa in the 

16S, 18S V9, and 18S V4 datasets, calculated as the change in percent abundance of 

sequences, were graphed against the mean Chl a (µg L-1) at each sampled location (Fig. 

14).  Grazing on Synechoccocus were highest at locations with the lowest and highest Chl 

a concentrations (Fig. 14a).  Flavobacteria experienced higher grazing rates at the 

offshore, low Chl a locations, while other taxa did not exhibit any clear patterns in 

grazing rate with Chl a concentration (Fig. 14a).  In the V9 data, Dinophyceae were 

heavily grazed at both low and high Chl a (Fig. 14b).  Chlorophyta were grazed heavily 

in at least one low Chl a location (Fig. 14b), and the V4 results suggest these were likely 

prasinophytes (Fig. 14c).   

The percentage of daily growth grazed, which takes into account both the growth 

and grazing rates of each group, are presented in Figure 15.  This clarifies some of the 
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complex patterns in the growth and grazing rates presented in Figures 9 and 10, 

highlighting the phytoplankton that experience the highest grazing pressure relative to 

their growth.  With the exception of a single location where Prochlorococcus were 

heavily grazed at low Chl a conditions offshore, Synechococcus experienced the heaviest 

grazing pressures of any bacterioplankton at all locations (Fig. 15a).  Chlorophytes, 

specifically prasinophytes, experienced the highest grazing pressure at locations with low 

Chl a (Fig. 15b, c), while the grazing pressures appeared relatively comparable among 

taxa at locations with high Chl a.    

 

Discussion 

Although the Blob created relatively homogenous conditions of elevated 

temperature and low nutrient availability during summer 2014, changes in the microbial 

community composition based on the molecular information was not unprecedented for 

the CCE region when compared to 2006 and 2007.  Concurrent data available from the 

California Current Oceanographic and Fisheries Investigations (CalCOFI) program from 

2005-2013, however, offers further insight into the seasonal biomass trends in the CCE, 

which must be taken into account when comparing the “normal” years of spring 2006 and 

2007 with the Blob of summer 2014.  The CalCOFI data showed a marked decrease in 

the total plankton biomass during summer 2014 compared to the mean biomass during 

2005-2013 (85 ± 11 µg C L-1 vs. 29 µg C L-1 in 2014), in agreement with other published 

findings (Gómez-Ocampo et al. 2017).  Diatom percent biomass decreased in both spring 

and summer 2014 (spring: 14% in 2014 vs. 33% mean, summer: 10% in 2014 vs. 36% 
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mean), which was also apparent in the molecular data, while multiple pico-sized taxa 

increased in biomass contributions (Synechococcus, autotrophic flagellates, heterotrophic 

bacteria in Fig. 11).  Together with the molecular data, we know that the specific 

picoautotrophs that increased during summer 2014 were chlorophytes (Fig. 3) and that 

they have been dominant before in coastal samples from 2006 and 2007 (Fig. 8).  

Essentially, the molecular data alone shows a Blob microbial assemblage that is unusual, 

but not unprecedented for the CCE, while the biomass data determined via microscopy 

compared to the 9-year mean for the area makes the significant impacts of the Blob on 

the community clearer.  Taken together, these results confirm our hypothesis that there 

was a significant shift beyond the normal seasonal changes in the CCE microbial 

community during the Blob.  

The dominance of both chlorophytes and dinoflagellates across all locations is 

unsurprising given the stratified, low-nutrient conditions created by the Blob, which are 

an extreme version of normal, stratified summer conditions in the CCE.  Dinoflagellates 

have a variety of trophic strategies to survive in warm, low-nutrient conditions, such as 

mixotrophy (Stoecker 1999), while small size gives the chlorophytes an advantage as 

competitors for nutrient uptake.  Moreover, not all of the dinoflagellate types identified 

by molecular analyses were functionally photosynthetic.  Prymnesiophytes, whose 

presence was indicated in the V4 data, can also be mixotrophic (Unrein et al. 2014), 

enabling them to better compete in these environmental conditions.   

We also hypothesized that the Blob would result in picoplankton-dominated 

communities, which was clearly supported by both the molecular results from our cruise 
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in August, which found abundant chlorophytes and Synechococcus at coastal sites, and 

microscopy biomass data available from the spring and summer 2014 CalCOFI cruises in 

the same area (Figs. 10b, 11c).  In fact, picoplankton dominance during the Blob was 

quite striking, with the percent biomass nearly double in spring 2014 (48% vs. 24%) and 

more than double in summer 2014 (70% vs. 30%), compared to the 9-year means (Fig. 

10b).  This pattern of picoplankton dominance holds true for both auto- and heterotrophs 

(Figs. 10b, 11c), and directly contrasts with previous analyses in the CCE that did not 

find picoautotrophs dominant at any coastal or offshore location during multiple seasons 

over a 6-year period (Taylor et al. 2015).  Thus, the shift in the size structure of the 

microbial community was highly unusual for the CCE and likely had a significant impact 

on the trophic dynamics of the food web. 

  In that regard, we found that phytoplankton growth rates were slightly lower at 

coastal sites in 2014 (mean 0.40 ± 0.10 d-1) compared to rates reported for 2006 (mean 

0.44 ± 0.12 d-1) and 2007 (0.54 ± 0.11 d-1, Table 1) in Landry et al. (2009).  Chlorophytes 

dominated these regions in 2014, instead of the rapidly growing diatoms common in 

2006-07, which likely explains this finding.  However, grazing rates were significantly 

higher at coastal sites in 2014 (mean 0.39 ± 0.03 d-1) compared to 2006 and 2007 (mean 

0.29 ± 0.02 and 0.21 ± 0.09 d-1, respectively), confirming our hypothesis of higher 

microzooplankton grazing impact during the Blob as a percentage of phytoplankton 

productivity.  This is widely predicted to be a consequence of enhanced thermal 

stratification and temperature-related effects on grazer metabolism associated with global 

change (Behrenfeld 2006, Rose and Caron 2007, Chen et al. 2012).  Our data indicate 

significant positive correlations between chlorophytes and multiple heterotrophic pico- 
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and nanoflagellate taxa (e.g. picozoans, choanoflagellates, and katablepharidophytes), 

who likely contributed to the overall increase in microzooplankton grazing rates.    

The combination of reduced growth rates and higher microbial grazing pressure 

translated into overall elevated grazing pressure on phytoplankton during the Blob.  At 

2014 coastal sites, the mean percentage of daily growth grazed was 97%, compared to 

68% in 2006 and 35% in 2007.  This result is indicative of an enhanced coupling between 

phytoplankton growth and microherbivore consumption, which increases the mean 

trophic position of higher-level consumers and decreases the overall efficiency of energy 

transfer in the food web.  This finding is further supported by the dominance of 

picoplankton during the Blob, which has not previously been documented to dominate 

the microbial community biomass in this region, and would shift the majority of grazing 

to the nano- and microzooplankton who are able to consume these small producers.  The 

shift in community size structure to picophytoplankton dominance resulted in lower total 

biomass, and combined with the effects of temperature on grazer metabolism, altered the 

balance of growth-grazing dynamics in the food web.  This would act to decrease the 

total energy available to higher trophic levels and may explain many of the negative 

effects observed on fish, seabirds and marine mammals during the Blob (Opar 2015, 

NOAA 2017).     

Conclusions 

 The patterns observed in the current study, which includes multiple years and 

locations within the CCE, suggest two phytoplankton community modes in this region: 

diatom- and chlorophyte-dominated.  This dichotomy may even override the often 
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dominant dinoflagellates, which were numerous in nearly all communities sampled in the 

CCE, but did not appear to have any significant correlations that would alter the growth-

grazing dynamics of the food web as clearly as the diatoms and chlorophytes.  Diatoms 

were significantly positively associated with high nutrient concentrations similar to those 

at upwelling regions, while chlorophytes were not associated with any specific 

environmental conditions measured here, suggesting they will rise in importance under 

conditions do not favor diatoms out-growing them.  Furthermore, chlorophytes were 

strongly associated with the presence of small, heterotrophic flagellates and were found 

at coastal sites with much lower growth rates and higher microzooplankton grazing rates 

in 2014, suggesting that chlorophyte-dominated communities are both less productive 

and less efficient in transferring energy than diatom-dominated ones.  If upwelling 

decreases in the future CCE as events like the Blob increase, it would be reasonable to 

expect more chlorophyte-dominated communities, with similar productivity and transfer 

characteristics, across the region.        

The impacts of the 2014 Blob on the microbial community of the southern CCE 

was most apparent in the altered size structure.  Pico-sized chlorophytes and 

Synechococcus have previously been observed to be important contributors to biomass at 

times in the CCE, but it was the extent to which these picoplankton dominated the 

community that significantly lowered the total biomass, altered growth-grazing dynamics 

at the base of the food web, and led to deleterious effects on higher organisms in the food 

web (Hendricks 2015, Gorman 2016, Peterson et al. 2016).  Decreased energy available 

to higher organisms via this microbial assemblage not only highlights the importance of 

microzooplankton grazers in the food web of this region, but also points to other possible 
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implications of the Blob that were not investigated in this study.  If phytoplankton were 

of lower nutritional quality for grazers during these conditions (Christaki et al. 1999, 

Jones et al. 2002, Jones and Flynn 2005), this would impact energy availability in ways 

undetectable by community composition and rate analysis.  Alternatively, the impact of 

parasites and viral lysis on plankton mortality can be significant (Cottrell and Suttle 1995, 

Fuhrman and Noble 1995, Evans et al. 2003) and viral-phytoplankton dynamics are likely 

to be altered by changes in temperature and nutrient concentrations such as those in the 

Blob (Nagasaki and Yamaguchi 1998, Gachon et al. 2010, Danovaro et al. 2011).  Such 

alternative sources of phytoplankton mortality would also shunt primary production away 

from higher trophic levels, converting it directly into dissolved and small particulate 

matter (Fuhrman 1999, Brussaard 2004, Haaber and Middelboe 2009).  As unusual 

climate events such as the Blob become more common with climate variability in the 

future, it is imperative to further document the implications of altered community 

composition and growth-grazing dynamics on the multiple pathways of energy transfer in 

the marine food web.    
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Table 5.1 Community phytoplankton growth (day-1) and grazing rates (day-1) from 2-

treatment dilution experiments conducted in the southern California Current during May 

2006, April 2007 and August 2014.  Mean rates ± 1 standard deviation are shown for 

each location. 
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Table 5.2 Percent daily phytoplankton growth grazed (%) determined via flow cytometry 

results for Synechococcus (Syn), Prochlorococcus (Pro), and picoeukaryotes (Peuk).  

Means ± 1 standard deviation are shown for cycles that had multiple days of dilution 

experiments in the same water parcel. 
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Figure 5.1 Daily sample locations for each of the five experimental cycles conducted 

during the spring 2014 cruise. 
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Figure 5.2 Vertical profiles of (a) temperature and chlorophyll a fluorescence from the 

daily casts that were used to collect water for the minidiultion and size-fractioned dilution 

experiments in all cycles.  The diamonds on the x-axis indicate the average surface values 

of stations on lines 80 and 90 of the California Cooperative Oceanic Fisheries 

Investigations (CalCOFI) between 2004-2013 for comparison. 
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Figure 5.3 Percent abundance of sequences from 18S V9 analyses of seawater samples 

averaged across multiple days in the same cycle. 
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Figure 5.4 Percent abundance of sequences from 18S V4 analyses of seawater samples 

for known picoeukaryote taxa, averaged across multiple days in the same cycle. 
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Figure 5.5 Percent abundance of sequences from 18S V4 analyses of seawater samples 

for Stramenopile taxa, averaged across multiple days in the same cycle. 
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Figure 5.6 Percent abundance of sequences identified as plastids from 16S analyses of 

seawater samples, averaged across multiple days in the same cycle. 
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Figure 5.7 Percent abundance of sequences from 16S analyses of seawater samples, 

averaged across multiple days in the same cycle. 
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Figure 5.8 Percent abundance of sequences from 18S V9 analyses of seawater samples 

from 4 coastal locations in the southern California Current during May 2006 and April 

2007.  
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Figure 5.9 NMDS plots of Bray-Curtis dissimilarity for molecular analyses of 18S V9 

and 16S rDNA (b, n=17).  Included in the analysis with 2014 data are all available 

samples from the CCE for comparison, including: coastal samples from 2006, 2 coastal 

samples from 2007, and non-front samples from 2008 and 2012, previously reported in 

Chapter 4.  Ellipses show 95% confidence intervals around the weighted average means 

for each of the two groups: eutrophic and oligotrophic.  Samples with integrated 

chlorophyll a levels ≥ 1 mg Chl a m-2 and/or ≥ 0.5 µM nitrate and nitrite concentrations 

were categorized as eutrophic (eut) and those < 1 mg Chl a m-2 and/or < 0.5 µM nitrate 

and nitrite concentrations were categorized as oligotrophic (oligo).  Labels inside the 

symbols indicate the year and cycle location of each sample: 6_1 = Cycle 1 in 2006, 7_1 

= Cycle 1 in 2007, 8_5 = Cycle 5 in 2008, etc. 
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Figure 5.10 Map of the (a) CalCOFI station grid (yellow circles) with CCE 2014 cruise 

cycle locations (C1-C5) overlaid (red squares).  Blue star indicates CalCOFI station 

80.55.  (b) Mean percent biomass (%) of each size class for all the taxa at coastal 

CalCOFI station 80.55 during spring and summer 2005-2013 compared to spring and 

summer 2014.  Dotted line separates spring and summer data.  (c) Mean biomass (µg C L-

1) for the same station and same years and (d) percent biomass (%).  Captions above the 

bars in (c) indicate mean total biomass ± standard error for 2005-2013.  Abbreviations 

used for taxa are: Pro for Prochlorococcus, Syn for Synechococcus, A-Dino for 

autotrophic dinoflagellate, Prym for prymnesiophyte, A-Flag for autotrophic flagellate, 

H-Bact for heterotrophic bacteria, H-Dino for heterotrophic dinoflagellate, and H-Flag 

for heterotrophic flagellate. 
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Figure 5.11 (a) Mean biomass (µg C L-1) of autotrophic taxa at coastal CalCOFI station 

80.55 during spring and summer 2005-2013 compared to spring and summer 2014.  

Percent biomass (%) is shown for each autotrophic taxa (b) and size class (c) for the same 

locations and years.  Captions above the bars in (a) indicate mean total biomass ± 

standard error for 2005-2013.  Dotted line separates spring and summer data.   
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Figure 5.12 Relationship between the abundance of Synechococcus sequences (ml-1) 

determined via 16S analyses and the abundance of Synechococcus cells (ml-1) determined 

via flow cytometry (y = 3702.6x + 1201.1, R2 = 0.60). 
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Figure 5.13 Growth rates (day-1) of 5 selected taxa of interest from (a) 16S, (b) 18S V9, 

and (c) 18S V4 datasets versus chlorophyll a (µg L-1) in the mixed layer of each sample 

location. 
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Figure 5.14 Rates of mortality due to microzooplankton grazing (day-1) for 5 selected 

taxa of interest from (a) 16S, (b) 18S V9, and (c) 18S V4 versus chlorophyll a (µg L-1) in 

the mixed layer of each sample location. 
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Figure 5.15 Percent of the daily phytoplankton growth grazed (%) for 5 selected taxa of 

interest from (a) 16S, (b) 18S V9, and (c) 18S V4 versus chlorophyll a (µg L-1) in the 

mixed layer of each sample location. 
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Supplementary Figure 5.1 Rarefaction curves for all OTUs by sample in the 16S, 18S 

V9, and 18S V9 datasets.   
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CHAPTER 6. 

Conclusions 

 

 As presented in the introduction, and seen in the results of my thesis chapters, 

microzooplankton play critical and complex roles in the marine food web.  To highlight 

the important results found during my research, I will discuss the findings relevant to the 

guiding research questions stated previously:  What is the range in diversity and grazing 

rates seen in microzooplankton communities across trophic gradients in the eastern 

Pacific?  How are microzooplankton composition and grazing activities shaped by the 

plankton communities they feed on?  What insights can molecular analyses provide about 

the taxa-specific grazing impacts of microzooplankton on their phytoplankton prey?     

Major findings 

 In order to accurately assess the major groups that comprised the 

microzooplankton assemblages in my study areas, I needed to develop a time-efficient 

method for enumerating the ciliates that had previously been underestimated by 

epifluorescence microscopy.  I developed a microscopy technique that can be used to 

filter ciliates preserved in traditional acid Lugol’s fixative onto polycarbonate 

membranes.  Many microscopy preparations (i.e., epifluorescence microscopy, filter-

transfer-freeze) that required additional fixatives or heating/cooling techniques were too 
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destructive to fragile ciliates and resulted in significant underestimates of their abundance 

and biomass in plankton communities.  Furthermore, the long-established settling 

chamber method for counting ciliates is very time consuming, and does not maintain a 

sample preparation for additional or repeated analysis, and does not allow imaging by 

automated microscopy techniques because the cells are suspended in liquid.  The method 

I presented in Chapter 2 addressed these issues and provided a convenient alternative for 

obtaining accurate counts of ciliates in natural communities.  I used this method to 

characterize the composition of microzooplankton assemblages in both the Costa Rica 

Dome (CRD, Chapter 3) and the California Current Ecosystem (CCE, Chapter 4).    

My analysis of the heterotrophs in the picoplankton-dominated Costa Rica Dome 

(CRD) upwelling region revealed the importance of the smallest grazers, 

nanozooplankton, and the impact of top-down pressure from larger mesozooplankton 

grazers.  Nanozooplankton comprised the majority of heterotrophic biomass and were 

significantly positively associated with picoplankton biomass, pointing to their 

dominance as grazers in this region.  Despite clear changes in autotrophic biomass across 

multiple locations in the CRD, total heterotrophic biomass changed very little.  This, 

combined with the high biomass and grazing impact of mesozooplankton in the region 

(Décima et al. 2015), highlighted the strong top-down control of mesozooplankton 

predation on micrograzers in the CRD, which limits their population response to changes 

in their phytoplankton prey.  These findings illustrated both the bottom-up (e.g., 

picoplankton and their nanozooplankton grazers) and top-down (e.g., microzooplankton 

and their mesozooplankton predators) forcing in the CRD food web.    
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In the California Current Ecosystem (CCE), a large coastal upwelling system, 

microzooplankton grazing has previously been estimated to consume on average 70% of 

the daily phytoplankton growth, with top-down mesozooplankton predation causing this 

percentage to drop to as little as 40% in certain locations (Landry et al. 2009).  It was not 

surprising, therefore, that I found high average microzooplankton grazing pressures 

during the warm Blob of 2014 (72-141%).  However, as hypothesized based on the 

dominance of picoautotrophs during the Blob event, grazing pressures were much higher 

in 2014 than in previous studies during normal years, particularly at the coast (103% in 

2014 vs. 63% in 2006 and 45% in 2007).  Furthermore, pico-sized chlorophytes, which 

dominated 2 out of 3 coastal locations in 2014, were significantly positively correlated 

with multiple groups of known heterotrophic nanoflagellates, suggesting their role as 

major prey for these small nanograzers.   

I also found that frontal features in the CCE, which have been observed to be 

more common in the last decade (Kahru et al. 2012), were sites with distinct microbial 

communities and dynamics dominated by diatoms.  This, combined with their impact on 

local primary production (Landry et al. 2012) and carbon export (Stukel et al. 2017), 

highlight the importance of frontal features to the overall function of the region.   

 

Synthesis of results and future directions 

 

Both the CCE and the CRD are upwelling systems, but they are characterized by 

very different plankton assemblages.  CCE upwelling areas are largely dominated by 

diatoms (Taylor 2014), while the CRD is dominated by Synechococcus and other 

picoplankton (Taylor et al. 2016).  Despite these important differences in community 



137 

 

 
 

composition, microzooplankton are major grazers of phytoplankton growth in both 

regions (Landry et al. 2009, Landry et al. 2015, Chapter 5), agreeing with the previously 

determined global average microzooplankton grazing pressure of 67% (Calbet and 

Landry 2004).   

Upon closer inspection, however, I found that the phytoplankton composition 

appears to shift the majority of the grazing pressure within the broader microzooplankton 

category between nano- (2-20 µm) and micrograzers (20-200 µm).  Nano-sized grazers, 

the presumptive major consumers of picoplankton prey, dominated heterotrophic 

protistan biomass in the CRD, reflecting a strong bottom-up size relationship.  In 

addition, however, micro-sized grazers appeared to be held at relatively low and 

consistent concentrations by top-down predation pressure from mesozooplankton.  This 

combination of effects created an atypical biomass structure in which nanoflagellates 

were the primary consumers.  In the CCE, molecular analysis revealed that multiple 

heterotrophic nanoflagellate taxa were significantly correlated with chlorophytes, 

suggesting nanozooplankton were actively grazing on these picophytoplankton.  Future 

work should focus on clarifying the role of nanozooplankton in upwelling regions, in 

combination with data on mesozooplankton grazing pressure, to fully understand the 

bottom-up and top-down pressures acting on the microzooplankton assemblage as a 

whole.  

Across the CRD and CCE regions, dinoflagellates are very common.  They 

dominate microzooplankton biomass in microscopical analyses and often the entire 

plankton community in molecular datasets, including autotrophic, mixotrophic and 

heterotrophic forms.  While their important role as grazers is readily apparent by virtue of 
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their high biomass, their overall role in the upwelling plankton community was less clear 

in my research.  Due to the wide variety of functional types included in the Dinophyceae, 

their diverse ecological niches, and their highly variable copy numbers, interpretation of 

their community roles from 18S rDNA analyses is a major challenge to be addressed in 

the future.  Moreover, dinoflagellate counts did not demonstrate any significant 

correlations with the environmental factors tested in Chapter 5 (e.g., temperature, nutrient 

concentration) that might hint at their specific functional relationships in this region.  

Clearly, they play major roles in the food web of upwelling areas, both as producers and 

consumers; however, the data presented here do not illuminate exactly what those roles 

are.  Targeted analysis of dinoflagellates, using highly quantitative, taxon-specific 

molecular methods in combination with dilution experiments or other experimental 

designs, is needed to tease apart the different functions of this complex group.    

A second area to requires further research is the balance of microzooplankton 

grazing and viral lysis on phytoplankton mortality in the CCE.  Previous results of 

experiments that directly compared rates of mortality due to viral lysis and grazing in the 

CCE found only a few instances where viral lysis was a significant source of 

phytoplankton mortality (Pasulka et al. 2015).  However, in light of the large percentage 

of 18S rDNA sequences in samples across the CCE that belong to known parasitic taxa 

(e.g., Syndiniales, Apicomplexa) and the clear impact of the Blob on the balance of 

growth-grazing dynamics in the CCE, it is possible that viral lysis was more significant 

during the unusual environmental conditions.  Changes to the relative balance of viral 

lysis and microzooplankton grazing rates would have significant impacts on the marine 
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food web, because viral lysis shunts energy away from higher trophic levels while 

grazing acts as a link between producers and larger consumers.  

Finally, if upwelling in the CCE increases in the future (Rykaczewski and Dunne 

2010, Di Lorenzo 2015) along with fronts (Kahru et al. 2012), diatoms could dominate 

the region, decreasing the role of microzooplankton grazers, and creating a more energy-

efficient food web.  However, phenomena such as the Blob in 2014, which was 

unprecedented for this region, are predicted to occur more frequently in the future (Di 

Lorenzo and Mantua 2016).  This outcome would greatly increase the role of 

microzooplankton as trophic links in the food web.  To establish a stronger baseline for 

analyzing shifts in plankton communities in the CCE, additional studies from “normal” 

years in the CCE should be analyzed to create a larger baseline dataset for comparison.  

The impact of mesozooplankton grazing as a top-down control on microzooplankton 

assemblages also needs to be further clarified through grazing experiments.  In particular, 

the impact of gelatinous zooplankton, which have been observed in large numbers at 

times in the CCE (Lavaniegos and Ohman 2003), needs to be considered in light of the 

fact that these organisms circumvent the microzooplankton trophic link and compete 

directly for small phytoplankton.  Finally, the creation of an interactome using the vast 

data available as part of the CCE Long-Term Ecological Research program and the 

California Current Oceanographic and Fisheries Investigations (CalCOFI) would be 

invaluable for identifying the key plankton taxa in the region and their specific impacts 

on food web dynamics.  
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