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ABSTRACT OF THE DISSERTATION

Plankton community composition and grazing dynamics in upwelling regions of the

Pacific Ocean

by

Alexandra Leigh Freibott

Doctor of Philosophy in Oceanography

University of California, San Diego, 2017

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 | 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, | 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.

| 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), | specifically focus on mesoscale
frontal features which appear to be increasing in number in this area. | 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. | 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.
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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, | 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 um 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 um size fraction, are often included within the general category of

microzooplankton although they can act as a separate trophic step in the food web



because they are limited to consumption of smaller picoplankton (0.2-2 pm) and can be
preyed upon by microzooplankton. Unless specifically stated, | 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 um) 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.



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



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, | 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



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



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



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. | 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, | 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, | present a new slide preparation technique to quantify ciliates

preserved in acid Lugol’s fixative. Traditionally, ciliates have been preserved in acid



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 | 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. | 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, | 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. | 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



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, | 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? | 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), | 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, | 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. | 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. | 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, | 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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Abstract

A slide preparation method for seawater samples preserved in acid Lugol's is presented here as an alternative
to the traditional Uterméhl settling chamber method for microplankton analysis. This preparation maintains the
integrity of fragile cells, such as ciliates, resolves isswes associated with the transience of samples prepared in set-
tling chambers, and allows the use of automated image acquisition methods. Samples are filtered onto polycar-
bonate membranes and analyzed with transmitted light microscopy. The visibility of pore outlines is minimized
by using mounting oil (Cargille Series A immersion oil, Certified Refractive Index, n,=™ 1.5840 + 0.0002) with a
refractive index matching that of the membrane material. We assessed the efficacy of this new method by com-
paring abundance and biomass estimates for ciliates in settled and filtered samples. Acceptable results were found
for the most delicate of samples stored long-term in acid Lugol's. Some cell shrinkage ocourred during the filtra-
tion and brief drying steps. Therefore, corrections for ciliate length and width measurements in filtered samples
were determined to counteract this effect on total cell biovolume. Overall, the method provides a simple and sta-

ble alternative to settling chamber analysis for ciliates preserved in acid Lugol's.

The Utermihl settling chamber method is a standard and
widely used inverted microscopy procedure for enumerating
marine protistan microplankton (Lund et al. 1958; Miiller et
al. 1991; Sohrin et al. 2010; Uterméhl 1931). Major advan-
tages of the technique are that cells are concentrated by gen-
tle gravitational settling and remain in the liguid medium
during analysis. The technigue can therefore be used in con-
junction with acid Lugol's preservative, which is optimal for
delicate groups like ciliates (Leakey et al. 1994; Stoecker et al.
1994) but does not fix their cell walls rigidly. Disadvantages
are that it requires a laborious set-up procedure, a long settling
time in specialized columns (typically 24-48 h, but see
Claessens and Prast [2008]), and does not result in a perma-
nent preparation. In practice, once cells have been concen-
trated onto a coverslip in the lower chamber and most of the
original sample water removed, a skilled technician will scan
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transects or the full area of the chamber. During this analysis,
dimensions of representative organisms are taken with an ocu-
lar micrometer for biovolume estimations, data are recorded
for abundance, cell shape, and taxa, for all cells of interest,
and ultimately the sample is discarded. Besides being a very
tedious process, guestions that arise later about poorly
resolved taxa, unmeasured cell properties, or specific taxa that
were not enumerated originally, are difficult or impossible w
answer without the original sample or an image record. Addi-
tionally, given the effort required for analysis and the tran-
sient nature of settling column preparations, samples
intended for Utermahl analysis are generally kept in bottles
until they are used. This is not only a practical problem for
storage of large numbers of samples, but also may lead to
degradation of cells stored in the acidic media over time
(Menden-Dreuer et al. 2001; Sherr et al. 1993; Stoecker et al.
1994).

For the majority of microbial populations, alternate meth-
ods such as epifluorescence microscopy and flow cytometry
have become increasingly popular for routine analysis of com-
munity abundance and biomass {e.g., Taylor et al. 2011).
These techniques are especially suited for distinguishing
autotrophic from heterotrophic cells based on chlorophyll a
(Chl a) autofluorescence and for quantifying contributions of
functional groups too small to be enumerated effectively in
settling chambers. They are also convenient for sample con-
centration and analysis at sea, and various steps of the analvt-
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ical process can be automated for faster processing, For exam-
ple, with a fully automated epiflucrescence microscope, it is
possible to program a prearranged pattern of sampling loca-
tions on a prepared slide, section the visual field at precise
increments of vertical resolution at each location, acquire sep-
arate images at precisely the same slide location (x, v, z) with
filters that optimize for different fluorescence signals, reassem-
ble the images into one best-of-focus color image per location
with minimal halo effect, resolve and quantify dimensions
and fluorescence properties of each image, and capture the
data in spreadsheets (e.g., Taylor et al. 2012). It remains later
for human technicians to identify and place cells into appro-
priate functional categories, but the digital imaging can be
done immediately after sample preparation, producing a per-
manent visual record of the slide contents in addition to the
spreadsheet information. Such a process is efficient and robust
to handle many hundreds of slides per cruise (Taylor et al.
2011, 2012}, and accurate enough to resolve production con-
tributions of phytoplankton functional groups from biomass
and growth rate estimates (Landry et al. 2011). However, it
clearly gives severe underestimates of abundance and biomass
for ciliated protists (Taylor et al. 2001 1), whose fragility makes
them vulnerable to significant loss from commonly used alde-
hyde preservatives and filtration procedures (Choi and
Stoecker 1989%; Leakey et al. 1994).

In search of a more efficient image-analysis approach for
routine enumeration of acid Lugol's preserved marine
microplankton, particularly ciliates, we first considered some
published protocols for slide mounting: filter-transfer-freese
(Hewes and Holm-Hansen 1983), soluble methacrylic resin
(Crumpton 1987), and Steedman’s wax (Steedman 1957). The
first is inherently nonguantitative, and the resin and wax
techniques involve heating, drying, and strong adhesive steps
that we found even preserved ciliates could not withstand. We
also attempted to analyze standard Utermohl chambers with
automated inverted microscopy. However, the large number
of motor-driven movements of the microscope stage caused
the fluid-suspended cells to move and precluded reconstruc-
tion of focused images from multiple pictures at each location.
We also eliminated Cyto-clear slides (Poretics) from consider-
ation due to expense per slide and the fact that the frosted
slides are incompatible with phase contrast. Nevertheless,
according to their description and results of Logan et al.
(19494), these slides should minimize membrane pore visibility
in transmitted light microscopy in a similar manner to the
method described in this article.

In the present study, we examine the effectiveness of an
alternative slide preparation method for transmitted light
microscopy that uses mounting oil matching the refractive
index of polycarbonate membrane filters (Ocklind 1987). The
il is used to fill the membrane pores and visually reduce their
outlines, which otherwise greatly detract from identifving
cells on the slide. This simple solution is complicated by the
fact that polycarbonate is a birefringent material, with one

Slide preparation for ciliates

refractive index at 1.584 and one that varies with the exact
chemical compaosition of the membrane and potential crystal-
lization of the polycarbonate material. For pores to disappear,
the refractive index of the mounting oil must match at least
one of these two refractive indices. Cargille Immersion Liquid
Index A, with refractive index 1.584 (n ™" 1.5840 £ 0.0002),
is the only available material that has an appropriate refractive
index and is stable. However, being an oil-based product, it is
immiscible with the seawater remaining in the membrane
pores after sample filtration, which must be wicked away
before mounting the filter. Here, we describe procedures for
making these slides and an assessment based on comparison
to standard Uterméhl results, with an emphasis on ciliates.

Materials and procedures

Seawater samples available from different cruises were ana-
Iyzed as part of the method development. Most samples were
collected from 2008 to 2010 during guarterly cruises of the
California Cooperative Oceanic Fisheries Investigations {Cal-
COFT) Program in the southern coastal region of the Califor-
nia Current Ecosystem. We also analyzed older samples col-
lected during 1997-98 cruises of the Antarctic Environment
and Southern Ocean Process Study (AESOPS) in the Southern
Ocean to assess implications of longer storage on slide prepa-
rations with fragile cells (Table 1). Regardless of cruise and
date, all samples were originally collected from 10-1. Niskin
bottles by gentle direct transfer to the sample bottle via a sili-
cone tube, preserved in 5% acid Lugol's, and stored in dark
polyethylene bottles.

Slide preparation

Based on preliminary observations, acid Lugol's preserved
ciliates could be filtered onto polycarbonate membranes
under low vacuum pressure (<30 mmHg) without the massive
losses seen for slide preparations of aldehyde-preserved epifiu-
orescence samples, or in the making of permanent slides with
mounting resin (Crumpton 1987). To toughen the cell walls
further for slide preparations, we added 37% formaldehyde to
the 250 mL acid Lugol's samples (2% final concentration) and
let them fix overnight before filtration. We used a glass filtra-
tion system to filter 100 mL sample onto 25-mm, S-pm black
polycarbonate filters with a 10-um nvlon backing filter (GE
Water and Process Technologies) to promote even cell distri-
bution. Filtrations were done under low pressure (=50 mmHg),
and the vacuum pump was turned off during the final few mil-
liliters to minimize cell damage from rapid pressure change
(Crumpton 1987; Taylor et al. 2011).

After the samples were completely concentrated on the filters,
both the backing and polycarbonate filters were placed together
on plain paper to briefly wick away the residual water trapped in
the pores of the membrane. It is important to remove as much
water from the pores as possible to enhance visibility during later
microscopy analysis, but at the same time, minimize dehvdra-
tion of cells from air drying. We found that about 30 seconds or
less was optimal for this part of the process.
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Table 1. Ciliate and dinaflagellate abundance (cell L™ of bath filtersd and settled samples, aswell as callection infarmation including cruise, date, location, and

depthforeach sample. Replicate counts of ciliate abundance were available for samples 1, 2, 3, and 6.
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A single drop of Cargille Series A immersion oil {Certified
Refractive Index Liguids, n,™™ 1.5840 + 0.0D02) was spread in
a thin, even laver across the slide using the side of a glass
pipette. The polvcarbonate membrane with the sample was
then carefully separated from the backing filter using 2 forceps
and placed on top of the laver of oil, with a second drop of oil
applied on top of the filtered membrane before adding the
cover slip (No. 2 glass). Excess oil was removed from the edges
of the coverslip, and it was sealed on all four sides to the glass
slide with clear nail polish. An initial coat of quick dry polish
followed by a coat of durable, long-lasting polish was most
effective at completely sealing the coverslip to the slide, pre-
venting the oil from leaking, which might compromise the
slide ower time. After a few months of storage, it was noted that
the nail polish on a few slides had begun to peel, so a coat of
acrylic paint varnish was applied to the edges of the coverslip
on these slides as an additional sealant Sealed slides were
stored in slide boxes at -20°C with no apparent negative effect
These were brought to room temperature before microscopic
analysis to prevent temperature effects on the refractive index.
Sample imaging and processing

Sample slides were analvzed on a Zeiss Axiovert 200M
inverted compound microscope equipped with a fully motor-
ized stage and controlled by Zeiss AxioVision software. Digital
images were captured with a Zeiss AxioCam MRm black and
white 8-bit CCD camera at 200x magnification wsing auto-
mated image acquisition. We imaged 200 visual fields at ran-
dom positions on each slide, with 7 z-plane images taken at
each position. The z-plane images were combined into a sin-
gle 8-bit black and white image using an extended depth-of-
field algorithm to produce a single, completely focused image
(image dimensions 425.77 pm x 319.02 um). Using a VBA
script within the Image Pro software, a series of processing
steps were made to the images for semi-automated counting
and sizing {length, L, and width, W} of cells. A fast Fourier
transform was applied to the images to remove background
noise, followed by a Laplace filter to improve the definition of
cell edges. Poorly resolved field images were discarded. Each
cell in each image was manually outlined and identified, and
the cell measurement data were exported for processing (Tay-
lor et al. 2012)

Cells were manually identified and placed into one of 4 cat-
egories [ciliates, diatoms, dinoflagellates, and others). All of the
200 field images per sample, equivalent to about 10% of total
filtered area, were analyred for ciliates. The more abundant
organisms (diatoms, dinoflagellates, others) were identified in
random subsets of 50 images, sufficient to obtain 100 cells or
more per category whenever possible. Finally, all cells were
binned into three size-categories (10 to 20 wm, 20 to 40 wm,
and =40 pm) based on measurement of the longest cell axis.
Settling chamber samples

To compare quantitatively against abundance and biomass
estimates from the slide preparations, we analyzed 100 mL
aligquots of each sample by the Uterméhl method. These sam-
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ples were settled at least 20 hours, more than sufficient set-
tling time according to ciliate sinking rates determined by
Claessens and Prast (2008}, and cells were enumerated in two
transects across the diameter of the settling chamber. The area
enumerated (about 9% of the total chamber area) was, there-
fore, roughly equivalent to the 200 microscope fields in the
slide analyses. Unlike the automated image acquisition of the
slide analyses, the settling chamber transects were analyzed
manually, using fine adjustments to locate cells vertically in
the chamber and to optimize image taking. Cell sizes for bio-
volume calculations and carbon biomass estimates were taken
as described abowve for the slide samples.

Biovolume and carbon biomass estimations

Cell biovolumes for settled and filtered samples were calcu-
lated from measured dimensions and general cell shapes,
assuming that the unmeasured cell height was equal to mea-
sured cell width. Equations for estimates of cell biovolumes
(BV) followed Hillebrand et al. (1999), with diatoms, dinofla-
gellates and some ciliates, approximated as prolate spheroids
(BV = 0.524xLxWxH]). For ciliates, an additional shape option
of a cone plus half-sphere was also used where more appropri-
ate (BV = 0.262xWix[L+W]). As discussed further in the
" Assessment” section, filtered ciliate cell lengths and widths
were corrected for shrinkage according to the equations in Fig.
4{c-d) before caloulating biovolume and biomass.

Carbon biomass per cell was estimated from biovolume
calculations wsing the following equations from Menden-
Deuer and Lessard (2000} C = 0.288xBV™! for diatoms and
C = 0.216xBV™ for non-diatoms and non-ciliates. We used
the formula C = 0.19xBV from Putt and Stoecker (198%) for
carbon estimates of aloricate ciliates. Carbon biomass {pg C
L) was calculated from carbon per cell and abundance data
for each group.

Assessment

Qualitative visual assessment

Fig. 1 compares the visual quality of images taken manually
in the settling chamber (2-b) to images from slides prepared
with Cargille immersion oil Type DF with refractive index
1.515 (c-d), which is typically used in epifluorescence
microscopy (Booth 1993), and to images from slides prepared
with the oil proposed in this method, Cargille Series A with
refractive index 1.584 ie-h). As a trade-off to minimizing cell
dehydration and subsequent damage, we did not dry the filter
membranes completely during slide preparation. Conse-
quently, the Series A oil did not make the membrane pores dis-
appear entirely into the background. Even so, the pores are
dramatically less visible using Series A compared with stan-
dard Type DF immersion oil, greatly decreasing the distracting
pore putlines that can obscure cell shapes and complicate the
process of cell identification. It was also noted that Type DF
immersion oil often spread unevenly across the slide, creating
shadows in the transmitted light images (Fig. 1d). This was not
apparent in slides prepared with the Series A oil, which spread

Slide preparation for ciliates

evenly over the filters. Whereas the settling chamber still
offers the least distracting image background for cell enumer-
ation when manually focused prior to image capture, Series A
oil sufficiently diminishes the membrane pores so that high
quality images can be rapidly taken using automated micro-
SCOpe SYStems.

Abundance estimates and replication

Ciliate abundance estimates for filtered samples ranged
from 40% to 169% of the corresponding abundance estimates
for settling chambers (Table 1). On average, filter abundances
were 9% lower than settling chamber estimates, but the
results were not statistically different {non-parametric Mann-
Whitney test, df = B, p = 0.453). A strong positive relationship
(B = 0.60) was also found between estimates by the two
methods (Fig. 2 inset). Results for dinoflagellates and diatoms
are likely biased by insufficient settling times for these slower
sinking cells. As determined by Claessens and Prast (2008,
the sinking rates of acid Lugol's preserved ciliates in seawater
are rapid enough to clear the water in 50 ml settling cham-
bers in less than 3 hours. Thus, overnight settling times of at
least 20 hours is sufficient for complete sinking of ciliates in
our 100 mlL columns, but not necessarily for smaller and less
dense dinoflagellates and diatoms. Results for diatoms sup-
port this explanation, as diatom cells were significantly more
abundant in the filtered samples than the settling chambers
(Fig. 2, Mann-Whitney test, df = 8, p = 0.047). Dinoflagellate
abundances were also notably higher in the filtered prepara-
tions, averaging more than double the corresponding esti-
mates in settling chambers. This difference, however, was not
statistically significant (Mann-Whitney test, df = 8, p = 0.145)
for the number of samples enumerated. Clearly, the filter
preparations minimize potential artifacts that could arise
from large differences in sinking rates of different cells in set-
tling chambers.

Because dinoflagellates and diatoms are believed to have
been under-sampled in settling chamber counts, our remain-
ing assessment focuses on ciliates only, which were the initial
target group for the method development. For samples in
which sufficient sample volumes were available (samples 1, 2,
3, &), replicate subsamples were processed for ciliates by both
the filtration and settling methods to determine the consis-
tency of abundance estimates. Although methodological dif-
ferences were larger than can be explained by replicate counts
in one case (sample 6), error bars broadly overlap in the other
three comparisons (Fig. 3). Differences between the ciliate
abundance estimates in filtered and settled samples are there-
fore largely explained by counting variability within and
between methods.

Biovolume estimates and shrinkage correction

Direct length and width measurements for ciliate biovol-
umes were conspicuously lower for filtered compared with set-
tled samples, which prompted a closer look at the mea-
surement distributions for each method (Fig. 4). Acid Lugol's
fixative is known to shrink cells (Leakey et al. 1994; Stoecker
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Fig. 1. Representative images of clliates settled In a settling chamber (a-5), mounted on an 8 um polycarbonate b filter with standard epifiu-
orescence iImmersion oll (c-d, Cargille iImmersion oll Type DF), and mounted on a filter with the method described in this paper (e-h). All Images are from
samples collected In the southern California Current reglon and Imaged as described In the methods section. All scale bars are 50 pm.

et al. 1994). However, since both filtered and settled subsam- the biovolume discrepancy to cell shrinkage during the filtra-
ples had been stored in this fixative for the same amount of  tion and brief drying process.

time before sample handling, their cell biovolumes should To quantify the mean measurement differences as rigor-
have been similar in the absence of other effects. We attribute  ously as possible, we compared the size frequency distribu-
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tions of length and width measurements for ciliate cells ana-
Ivzed by each method (>160 cells). The majority of cells fell
into the 10-20 um length category for both methods, but
wider cells were more frequently found in settled (15-35 um)
rather than filtered (5-15 pm) samples (Fig. 4a-b). To account
for the loss of cell volume during slide preparation, we chose
randomly an egual number of ciliates from those analyzed by

each method, ordered them by size, and then compared their

length and width measurements by regression analysis
(Fig. 5c-d). Strong exponential trends could be fit to both
length (K2 = 0.98) and width (B = 0.99) data, and the resulting
equations were used as correction factors for cells from the
slide preparations. The curvilinear relationships indicate that
cell dimensions shrink proportionately less with increasing
cell size during slide preparation, perhaps reflecting greater
resistance to dessication (reduced surface area to volume ratio)
during the brief water-wicking process, Very large cells (=50
um length, =35 wm width) were, however, very rare in the
samples and therefore difficult to compare statistically from
analysis by the two techniques. Individual length and width
values measured from filtered cells were corrected according to
these equations, and recalculated biovolumes were a much
better approximation of settled biovolume values (Fig. 5a).
Additionally, the biovolume corrections more than doubled
the total biomass estimates from filtered samples (Fig. 55),
resulting in comparable total biomass estimates for settled and
filtered samples (Fig. Sb-c).
Biomass comparisons

Ciliate biomass estimates for the six samples were pooled
and compared across methods (Fig. 5b). Only six samples had
sufficient measurement data from settling chambers to calou-
late ciliate biomass for comparison with filtered samples.
Comparable results for total settling chamber ciliate biomass
and filter biomass were found for all samples using the correc-
tion factor (Fig. 3c). A nonparametric Mann-Whitney test
determined no significant difference between setiling cham-
ber and corrected filter biomass (df = 5, p = 1.00).

21



Freibott et al. Slide preparation for ciliates
51501 4 5 150,
g I Scttling Chamber, n=161 z
& B Filter, n=183 £
.g- 100 % 100
: :
- a
2 s0 ~ 50
g : 3
F J
E - g o —
10-20 ym 20-40 pm 240 um §-15 pm 158-35 ym >35 ym
ELLT ¥ £%014 g
& / 3 = U2 T
:5 80 y = 7.0632¢°9 / ’ 3 40 y =4.448¢"= -
(5] . 7 < a0 R*=0.99 .
-g 40 R* =098 /,_ -g
£ o z 20
=
) £ o
=0 20 a0 60 80 Z 0 10 20 30 40 50

Length of Settled Ciliates (um)

Width of Settled Ciliates (ym)

Fig. 4. Frequency distributions for measured lengths (g) and widths (b) of 161 ciliates In settled samples and 183 cillates In filtered samples. Exponen-
tial regressions for the length (y = 7.0632e%*) and width (y = 4.448e"%?™) measurements in each method are shown In the bottom panels (c-d). FI-
tered cells were randomly chosen to create an equal number of measurements In both filtered and settled data sets for regression analysis.

P
Es a ~5 b
=
- + Uncorrested filter data /,-;/ -
=4 *  Corrected filter data /’ % 4 l
E 10l ){} 2 — ,L = [
23 = g 3 :
: / a
29 .. = 5
2 J i
51 i 2
o é
0 , 0 )
= 0 1 2 3 4 5 Filter Settling Filter with
Settled Ciliate Riovolume (10% ym®) chamber correction
6~ C =
-~ . il
= 3F [E] Settling chamber
9# Al [ ] Filter with comrection
2
7.0
'¢§ 2h T
e
§ L . o N milll |
2 3 6

Sample Number

9

~

Fig. 5. Corrected and uncorrected blovolume values (10* um?) for 161 representative filtered ciliates compared with settled clliate blovolumes across
samples (g). Corrected filter biovolume values better approximate settled clliate blovolumes than uncorrected values, indicated by a better fit to the 1:1
line. Total mean blomass (ug C L) of all samples with standard error bars for filtered, settled, and corrected filter measurements (b). Total blomass per
sample (g C L) for filter, setthing chamber, and corrected filter data (c).

22



Freibott et al.

Discussion

In this study, we sought to develop a slide preparation pro-
cedure that would be an adequate alternative to the Uterméhl
method for routine bright-field analyses of microplankton
samples by automated image-analysis technigques. We empha-
size ciliates in our assessment of this method because they are
widely regarded to be the most delicate and fragile of the
major microplankton functional groups, and due to incom-
patible preservation and handling methods, are often grossly
underestimated in community assessments based on slides
prepared for epifluorescence microscopy. As part of this
process, we explored in depth a published resin-based method
for permanent slide preparation (Crumpton 1987). While
some thecate dinoflagellates fared relatively well with this
technique, the heating and drying steps were much too dam-
aging for ciliates. This limited further options for use of exist-
ing preparation methods that require similar steps.

In contrast, the slide method developed here is sufficiently
gentle to retain these fragile cells on filters, thus allowing
them to be readily visualized, counted, and sized by auto-
mated technigues that require rigid positioning of cells on an
observational plane. Abundance and biomass estimates for cil-
iates enumerated on prepared slides compared favorably to
those from the standard settling chamber method. Our data
suggests a slight loss of cells, <10% on average, in the slide-
making process, but this is far superior to results achieved in
standard slide preparations for epifluorescence microscopy
using aldehyde or alkaline Lugols fixatives, which typically
produce ciliate abundance estimates more than an order of
magnitude lower than settling chambers (Taylor et al. 2011).
Cell shrinkage, however, does need to be accounted for to
achieve comparable estimates of size-composition and bio-
mass relative to those for acid Lugol’s preserved cells in set-
tling columns alone.

This new slide-making technigue is easy enough to be done
at sea. It has the advantage that automated image acquisition
systems can rapidly capture and retain permanent digital
record of the slide contents for later analysis or reference,
thereby reducing some of the tedium associated with tradi-
tional manual microscopic analysis. It also avoids sample
degradation during bottle storage (Menden-Deuer et al. 2001),
and reduwces space requirements for long-term sample storage.

Comments and recommendations

Based on the present results, our new slide preparation
method for seawater samples preserved in acid Lugol's can be
an efficient and effective alternative to the traditional Uter-
mihl method for enumerating ciliates in environmental sam-
ples. Whereas this technique has advantages over the tradi-
tiocnal approach in terms of preparation speed, automated
imaging, shipboard use, and potentially less settling bias, it
does not replace Utermahl settling chambers as the standard
for this kind of analysis, just as guantitative protargol stain

Slide preparation for ciliates

(QPS) remains a superior alternative for taxonomic analysis
and permanent storage (Montagnes and Lynn 1993}, The cell
volume shrinkage effects that we observed during the prepa-
ration process are likely to vary somewhat among locations
and taxonomic groups (e.g., distoms and dincflagellates), and
are especially critical to constrain assessments of biovolumes
and biomass. It is therefore recommended that researchers
intending to use this method determine appropriate correc-
tion factors for their study system and target organisms.

Whereas not tested rigorously, we expect that our method
is well suited for dinoflagellates and diatoms, depending on
the age and state of the sample being analyzed. Such organ-
isms are typically more robust than ciliates and better able w
stand up to filtration pressures and aldehyde fixatives.
Menden-Deuer et al. (2001) have observed that dinoflagellates
in acid Lugol's preservative can expand and lyse over time,
whereas diatoms simply dissolve. If relative abundances of
these taxa decline in long-term acid Lugols storage, slide
preparations with fresher samples, and digital image records,
may reasonably provide more reliable estimates of plankton
community composition and biomass than those from older
bottled samples. However, whether the slide preparation stops
the negative effects of long-term storage in acid Lugol's, or
how long a prepared slide retains its original community com-
position and integrity cannot be answered here. At the time of
this writing, initial slide preparations have been maintained
for @ months at -20°C as described with no detectable deteri-
oration. However, this is a short time relative to the timescales
at which samples comparisons may be relevant, for instance,
to assess climate changes on decadal or longer timescales.

Adwvancing technologies, such as flow-through imaging
cytometry of living cells (Olson and Sosik 2007), may eventu-
ally render community assessments from microscopy unnec-
essary. However, that is far from what is currently available to
researchers around the world to study and compare ocean
habitats. Ciliates are an important but frequently missing
component in ocean ecosystem studies because they are rela-
tively fragile and inadequately sampled by traditional meth-
ods for quantifyving phyvtoplankton or net-collected zooplank-
ton. We hope that the present technigue provides a
convenient way to include them more often in plankton com-
munity analyses,
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INTRODUCTION

The Costa Rica Dome (CRIY & a 300 to 500-km open-
orean upwelling region i the Fasern Tmpical Pacific
centered around 97N, 90°W (Wiki, 1964; Fiedler, 2003).
Shoaling of the thermocline ndge & stmngest during
surnmer and results in seasonally high chlomplydl a (Chla)
concentrations (Fiedler, 2002). Despite a shallow thermo-
dine and enhanced mutient concentrmtions in the region,
the CRD & distinet from other upwelling areas in the dam-
mance of small picophytoplankton, specifically Sy
(Li et al, 1983), as opposed to larger phytoplankton such as
diatoms Tace metal eperiments suggest that limitation by
cobalt, iron or zine contribite to the dominanee of such
small primary produocers in this otherwise high-nutient en-
vimnment by Imiting the growth of larger phytoplankon
(Franck ar al, 2005; Saiw & al, 2005 Ahlgren o i, 2014,

Pmtistan grazers are important consumers in pelagic
fond webs, mapongble for grazing the majority of global
primary production [Calbet and Landry, 2004; Calbet,
2008] and playing key mles as nutrient mcyders and
tophic links to larger zooplankton (Stoecker  and
Capuzzo, 1990; Sherr and Sherr, 2002 Sommer f af |
2002; Calbet and Saiz, 2005). Micmzooplankton grazers
are abundant in bath open-ocean (Lesard and Murrdl,
1996; Pasulka et al, 2013 and upwelling regions (Chavez
e al, 1996 Taylor & al, 2011; Linacre & al, 2013},
although taxonomic dominance within the asemblages
varies with location and size aructure of phytoplankton
prey. Hetemtrophic dinoflagellates (H-Dino) and ciliates
(Cil) generally dominate microzooplankton biomass in
eutrophic  upwelling regions associated with larger
primary producers (Sherrand Sherr, 2007, Calbet, 2008;
Linacre & al, 2012), while heterotrophic nanoflagellates
(H-Flag) ar mare important in aligotrophic apen-ocean
areas asociated with small picophytoplankton (Lessard
and Murrell, 1996; Calbet, 2008). Because the CRID & a
unigque upwelling region dominated by small primary
producers, small heterotophs in the micwbial loop, in-
duding hetemtmphic prokaryotes (H-Bact) and eularyotic
mang- (2—20 pm} and miczooplankron (20200 wm)
grazers, are expected to play key mles in mediating tophic
nteractions in the sgion, This has impomant implications
for energy transfer efficiendies due o the 50-7 (% energy
los with each tophic step (Straile, 1997). Characterizing
the heterotrophic micmbial community of the CRID is
therefore integral to understanding trophic interactions
and energy flows within the region.

Tov date, only two studies have reponed sgnificant data
an the hetemtraphic community of the CRIL As part of
the EASTROPAC program in the law 1960k, Beers and
Stewart (Beers and Stewan, 1971) estimated protisan bio-
wolumes and inferred micrazooplankion grazing rates foom

NIMEER O PAGES 1-14 ABEG,

samples collected in the CRD megion. Howewer, their
results were limited to Cil and less abundant acantharians
becanse H-Dino and H-Flag were not distinguishable by
the techniques of that time. Maore recenthy Olson and Daly
(Okon and Daly 2015 provided a modern and dgorous
analysis of hewemtmphic protist (H-protist) biomass and a
few grazing estimates for a late-autumn GRID eruise, but
supporting data were insufficient for amessng structural
and rate relationships.

The CRD FLUx and Zine Experiment (FLUAE) cruise
in _jne—faly 2010 provided an opportunity to examine
compoaton and biomas of the heemtophic micmbial
community within the conte of 2 bmader food-web sdy
(Landry & al, 2015a) and during sormertime, when
thermocline shoaling is rypically ar its masimum. Sinee
picophytoplankton biomass is known to be high in the
CRID:, we hypothesized that predaor—prey pairs would be
tightly asodaied (e picoplankion consamed by nano-
grazers, and in rn by micro-grazers] and readily apparent
within the biomass size sructure of the auto- and hetem-
traphic micmbial community, Using community compos-
iton and biomass with experimental rate estimates foom
companion sudies (Selph e al, 2015), we also infer growth
rate relationshipe for H-protit and eompare our findings
with recent predictions that mixotrophy shoubd dominate =
a rophic srategy among protiEs in open-ocean ecosysems.

METHOD
Study design and sampling

Cruise sampling in the CRID was done on 877 Mebille
fram 22 June —27 Jaly 2010 during five multilay, semi-
Lagrangian experiments, referred o as cycles. During each
cycle, sampling and daly @ s incubaton expedment
were conducted while fllowing a satellite-tracked drifter
with a holey=sock drmgue centered at 15 m (Landry «f al,
200K, 201 5a). O the fiee eperimental cydes, the first was
located dose to the Costa Rica coast and outside of the
CRD, o only Oydes 2-5 are conddered here (Fg 1)
Seawater smmples were collected from eight depths within
the euphaotic zone on each night of the cycles, from 2 m 1o
B0—100 m depending on the fluorescence profiles fom the
1T, Seawater was collected from Niskin bottles 1sing
silicone tubing and preserved as deseribed below for each

analysis
Microscopic analysis of water-column

Seawater samples of 500 mL were preserved for epifhoor-
eseenee microseopy with 260-pl alkaline Logol's solution,
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Fig. 1. Map of study region, induding crube sampling locations for
Cyeles 2-5.

10-mL buffered formaling 500-ml. sodium thioailfate and
1-mL proflavin 0055 w/v) (Sherr and Sherr, 1993),
Preserved samples were allowed to st for 1 hin the dark,
then stained with 1-mL DAPL (0.01 mg mL™") befomr
filiration. Aliquots of 50 ml. were fikered onto 25-mm,
0f-pm back polyarbonate membranes for the analysis
of small cek, and the wmaining 450 ml. was fitered
onto 25-mm, B0-pm black palyearbonate membranes.
Membrane filters were mounted on glas slides uang Type
DF immersion oil, No. 2 glas cowerdips, and sored a
—B07C until analysis. Slides were imaged and digitized an
a Leis AsioVert 200 M invented epiflucrescence micm-
senpe with maotorized stage. Images were captumed with a
Zea Axiollam MERe black and white camera, wilizing
separate filter sets for Chla, DAPL, FITG and phycoeryth-
rin. Slides with 0.B- and 8.0-pm membrane filiers were
imaged at » 650 and 200, respectively

At each image locaton, 7 z-stack images were tken.
The zamck images were pmocesad and combined wing
the ImagePro software, and a tast Fourier tramsform and
Laplace filter were applied to reduce the halo effect around
colls, Counting and dzing of cdk was ako done with the
ImagePm software, Cell were manually identified and
grouped into finctional groups H-Dino and H-Flag dis-
cused in this paper, a3 well as autotmoph populations dis-
cusaed in Baylor e al (Taylor o al, 2015). H-Dino induded
ool that eould be positively identified 2 dincflagellates by
the presence of a dear dinokaryon, two flagella and an
obwios theea for thecate forma H-Flag included other
heteratmphic cells that were largely flagellaied but other
wise unidendfiable. Celk were binned ino size cawgories
based an the longest el asds: <2, 2-5, 510, 10—20,
20-40 and =40 prn, Cell biovohames (um®) were caleu-
lated using length and width measumements in the formula
for a prolaie sphere BV = 0524 x L x Wi' Carban
biomass was caleulaied from biovalumes as pg C eel ™ =

0.216 x BV™™ for nonedisoms and pg © edl™' =
0.288 » BV™®* for diatoms (Menden-Dener and Lesard,
2000, Maore detailed information on the epifuorescence
methods are in Taylor of af (Taylor e al, 2015, Biomas
was depth-integraterd] aceowling to the trapeaoidal rule,
averaging community biomass between sampling deptha
and surnming biomas contributions tor 2l depth stmta (to
the deepest depth sampled for each cypde; Fig 2).

Seawater samples of 125 mL were abo preserved with
5% acid Lugols solution in amber bottles for the analyds of
Cil by transmitted light micmacopy Prior to filtmton, 37%
formaldetyde was added to the sample (2% final concentra
tion) and allowed to fic for 12 h o solidify cell membranes,
Samples were filtered onto 25-mm, B0-pm polycathonate
membmnes under low presure (<50 mmHg), and the
vacium pump was shut oft during the final fow millilites ©
allow for gentle gravity filtmtion. Fiters were briefly placed
on plain paper i wick away resicdual moisure, mouanted
on glss shides wing Cargille immersion oil A (Certified
Refiartve Index Liquids, y © 1584 + 0.0002), and cover-
dips were sealed with clear nail polish (Feeibotr e al, 2014),
The slides were imaged and poerssed as described abaove
for epifluorescence micmscopy.

Cil were divided into brad tasonomic groups, inchud-
ing alaricate aligotrichs and chareotrichs, tintinnids, sout-
cociliates, eycotrichs and other unidentifiable Cil (Agatha,
20044, Large mixotrophic aligotichs of the gems Toita
were dearly recognizable in the samples and quantified
separately. Cells were binned by size based on the longest
el dimengon: 8-20, 20—-40 and =40 pm. Due to the
pare size of the filter used, most nanosized Cil Ikely
passod through the membrane and ae not acoounted for
here, Length and width measurements foom each cell
were used to calenlate oell biovolime based on the most
appropriate cell shape: prolate spheraid (BY = 0524 =
LW, eone (BY = 0262 = L x W) or cone pls half
sphere [BV = 0262 x W= I+ W)]. Carbon biomas
was caleulated from cell biovolume as pg G =019 = BY
(Putt and Stoecker, 1989) Both Cil and dinoflagellates
were manually counted in add Lugols samples; however,
autotrophic and H-Dino ar indisingushable when
atainerd with add Lugaol's ficative, so only epifluorescence
estimates of H-D¥ino abundance and biomas are nsed in
this analysi.

Additionally, at a sngle staton in each cyde, 1040 L of
seawater from six to seven depths was collected for separate
anahaes of rare tintinnid Cil. Samples were not eollected on
the same case or depthe a3 those for micmscopy described
ahove, so they are treated here as a separaw dataser
Samples were immediately concentrated to 100 mL sing a
20-pwm mesh and preserved with 2% add Logols, They
were then pipetted into Utermihl ::l.'urruﬁh], 1951} setiling
chambes, setled for 12-24h, and counted on an

29



JOURNALOF FLANKTON RESEARCH

Biomass (ug C L")

VOLUME & = NUMBER &

i 2 4 13 % 10
il
20
40
. e H-[Hii2
60 3 —8—HFlag
—o—il
a0 cesars Chla
Cyele 2
100 v
i i 0.z 03 0.

Depth (m)

Chila (mg m—)

0.l 02 0.3 0.4

PAGES r-14 2015

Blormass {ug CL-")

10

Cyehe 5

(] 0.1 (3 L3 .4
Chla {mg m~)

Fig. 2. Depth profiles of mean total hiomass (pg C '[."]icu'ﬂ]hmm mphic dinoflag el aes (H-Tino) and heteromrophic flagellates (FH-Flag) from
epiflunrescence mimosonpy and dlae hinmass (CH) fimm ransmiged Bght micrescopy. Dosted Ene and secondary x-a show mean chiaropind
oncentragon (mg Chla m ™" = pg Chla 1.7 ") Bomass was averaged over the 4.day cycles o ohtain mean and standard error hars for each cyde

fn =5 Cycle 2—4 n=2 for Cyde 5).

Olympus X 71 imverted micmaoope at =200 ar =400,
Individual cells were photographed, measured and idend-
fiel to speces (Kofoid and Campbell, 1929, 1939,
Marshall, 1963, Zhang o al, 2011} All loricae were mea-
sured for length and width, and cell biovohimes were calou-
lated and converted to carbon biomass 1sing the equation,
pe C= 0053 = BV Verity and Langdon, 1984,

Flow cytomenry analysis

Seawater samples (1 ml) were preserved with 5% paraf-
armaldehyde (vfv, final concentmtion), flash frosen in
liquid nitmgen and stored at —B07CL Prior to analysis,
smamples were thawed and stained with Hoechst 34442
1 pgml™") for Th in the dade (Monger and Landry,
1993). Aliquos of 100 L were analyzed udng a Beckman-
Coulter EPICS Alma flow cytometer with a Harvard

Appamns sringe pump for wlimetic sample ddivery
and two argon lsers taned o UV (200 mW) and 488 nm
(1'W) excitation. Fuorescenee  sgnals were  collected
uang filkers #or Hoechst-bound DNA (blue fluorescence,
450 nm), phyeoerythrin (orange fuorescence, 575 nm) and
Chla (red Huomscence 680 nm), and normalized o exier-
nal standarcs of 0.5 pm yelow-green and 0.5 pm UV
palysryrene beads, Cell fuomscence and light-scarer prop-
erties were acquired with the Expo32 software and subse-
quenty analyzed with the Flowjo software to define H-Bact
populations based on DINA signal (all living cels), abeence
of photosymithetic pigrent and light-scatter sgnals (forwand
and W light seatter, measures of wlative dze).

Abundance stimates of H-Bact from flow cytometry
amalysi were comverted to carbon biomas wing carbon
per cell corversions and depth, wang bead-normalized
forward angle light scattering (FALS) as a relative measume
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of cdl bicwoharme (Linacre & af, 2010, 2012). Estirmates of
cell carbon content were made udng an open-oeean,
mixed layer estimate of 10 g Cedl™’ as a staring point
for H-Bact (Garrison & al, 2000). Then, 1sing the scaling
facior FALS™™ (Binder & af, 1996, the carbon:cel
content was determined for each depth from the spr.-ciﬁc
mean  cell carbon  wvalies amd  the FALS  mtio
(FALS i FAL S 5.

Trophic relationships

We examined potential whitionships amang autotmphic
and hetemtmphic size classes wing Peamon correlations
tor biomas values in the upper 45 m, a depth range that
indudes the miced layer and chlorophyll maximum on all
cydes and accounts for >=93% of the primary pmduction
(Landry et af, 2005h). Corrdations between predator—
prey pairs were expected to be negative (eg. Schmoker
and  Hermindez-Leon, 20013, indicatve of Lotka-—
Vilierra-style oadllations and sgnificant top-down grazer
impace, However, previous studies have also found posi-
tive cormelations between presumptive predators and prey
(Hwang and Heath, 1997; Yang & al., 2008}, which may
be indicative of stmng bottom-up forcing and rapid re-
sponse of pmtistan consumers to prey dynamics,

We also wed the melationship betveen the carbon con-
aumerd] by micmzooplankon grazing and H-pmtiat biomas
to derive biomas-specfic estimates of carbon eonsumption
and growth mte potential of the H-protist assemblages. For
these analyses, phytoplankton growth mtes and maortality
losses o micmeooplankion grazing were determined from
results of # st incubaterd dilution expenments (Landy o al,
H115h; Selph o o, 2015). Briefly, during each 4-cay experi-
mental cyde, two-tearment diliion eperiment were oon-
ducied daily at eight depths spanning the euphotic zone,
with # s botle incubations aftached w the surfuce drifier
Experiments were set up with water from the same depihs
and CIT) casts as the samples for community analyss, We
used the ingantanecus mies of growth and grazing mortality
foom these experiment along with the cormesponding esti-
mates of tal autotmph carbon fiom fow cyiomery and
micwseopy (Taylor & o, 2015 to compute carbon-baserd
grazing mate impacts on the phytoplankion community fom
the equationsin Landry etal (Landry e al | 2000).

RESULTS
Environmental conditions of the sampling

s1tes

I'able I gives the dates, locations, euphotic zone depth and
mean mixed-layer chameteristics for the fise experimentl

Table I Sampling dates, imitial locations,
enphatic zone depth (1% surface trmdiance)
and  mean  nied-lper  characleristics o
expermental Cyeles 15

i layar
chaacinsics
Lan 1%  MLD MOy
Expoimant Deins LatfH) P dodml dmd TEO )

Oycla 1 @=2Tume AT ATO0 LH8 ‘3 a4 008
Cycla 2 2-8 Juy a0e 9056 L8 147 265 @3
Cycla 3 9-13 Juy 042 8282 B2 I 273 A
Cycla s 16-18uy 855 9040 £H7 25 260 62
Cycla b 20-240uy  H8Y =946 BET7 308 273 27

Datex 2o incal tima, with daly aedy moming CTD o 2 ~000. Mixod
ayer dop 1 LD = dopt a which density exoeds 0.05 kg m™ of sudce
waL).

eyeles conducted on the eruise, and the relative positions
of the oycles and daily sampling points are shown in Fig. 1.
Physical cinculation and hydrographic features of the sam-
pling sites are fully described by Landry ef af, (Landry o af,
2005a), and detailed presentations of profied properties
are presented ehewhere (Selph o al, 2005; Taylor o al,
205). Cyele 1, conducted in southward flowing waters
cloze to the Costa Bica coast, is not included in the present
analysis. Cyele 2 sampled in the central dome area ~9'N,
91"W, which was located by a ransect survey: At the end
of Cyde 2, we deployed a satdlite-tracked surface drifter
with a mixed-layer dmgue, and rdocated later as the stan-
ing paint for Cyele 4. In the meanwhile, Cyde % was done
in waters northwest of the dome. Cyele 5 was conducted
east of the dome mgion in North Fguatodal Counter
Current (WECC) waters flowing rapidly toward the coast.
Several connections can be made among the experiments
based on audy design and subsequent hydrographic ana-
Iy, Cyeles 2 amd 4 were dearly in the central dome
region, and Cyele 3 also fits the criterion for being in the
dome region, with the 20°C isotherm at <35 m (Fiedler,
2002), Cyele 5 was located out of the dome region, but
had T=5 pmperties closely waembling Cyde 4 (Landry
et al., 30 15a),

Hydrocast profiles for all cpeles showed strong sratification
of tempermtre, oogen and muirients. The cental dome
region (Cyedes 2 and 4] had the shallowest mised luyers (19
and 21 m, repeciively), the lowest mean mixed-ayer em-
pemtre (25.5—26°C) and the highest concentmtion of
mibed-layer nitrate (5—7 pM, Table 1), Atall mmplng loca-
tiong, however, temperature decreased sharply by 1000 or
e in the upper 50 m, which comprised all or mest af the
euphatic zone at all locatons, Okygen concentations
dedined by almost an omder of magninade and nirate
increased by 25 ph over the same depth range.
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Heterotrophic dinofl agellates and flagellates

H-Dino amd other unidentified Hagelates (H-Flag) const-
tuted e majority of micro-grazer biomass in the CRID,
averaging 59 and 31 %, respectively, across all cydes. Mean
H-Dino + H-Flag biomass was greawst at or abowe the
chlorophyll maximum for all epcles (1.5-7.9 pgC L7
although Cycle 5 exhibited the most pronounced peak at
the 40km chlomphyll masdmom (7.5 and 5% pgC L7

mapectively). H-Dino binmass generally exceeded H-Flag
hiomas during Cycles 2—4. However, H-Flag biomass was
appredmately the same as H-Dino and at times dominated
hiomas below 30 m in Cyele 2 and thmughout the water
column in Cyele 5 (Fig, 9.

Acreds all cycles, integrated H-Flag biomas was com-
prized of 3% nano-sized edk and 200 micro-sized cdk,
Cyede 5 had the highest mean integrated biomas of H-Flag
(158 and B1 mgC m™~" for nane- and microsized H-Flag,
respectively; Fig 3. Oycle 4 had the lowest H-Flag biomass
44 and 14 mg C m ™ for nano- and microsized H-Flag,
respectively). H-Dino integrawed biomas was evenly distrib-
uted between mano- (59%) and micmo-grazer ((0FG) sie
dmawes ams all opdes. Mean integmated biomas of

H-Ding was greatest for Cycle 4 (190 and 174 mg G m™"
for nano and micm H-Dino, respectively). Cycle 5 had the
lowest H-Dino integrated biomass (142 and 101 mg C m~?

for nano and micro H-Dino), llustating that biomas of

H-Diina did not vary as dmmatcally as H-Flag biomas
acwss cycdes. Mean abundances and biomases of H-Flag,
H-Dino, Cil and H-Bact at each sampling depth are given
in Supplementary Data, Table S1.

Although the above estimates of H-Iino biomas were
obiained from analyses by epifluorescence microsonpy
dinoflagellatess were ako noted in the add Lugols pre-
seved samples. The rophic stane of these dinoflagellates
conkd not be determined by transmitted light microsenpy,
a0 these obiervations ae qualitafive mther than quantita-
tive. In these samples, dinoflagellates were dominated by
athecate, gymnodinoid forms, such as Gyrodinier, which
are typically hetermtmphic. (Other notable dinoflagellate
taxa induded o and  Mogpenidiion, both with
known heterotrophic spedies ((lseng e al | 2002, Mertens
et al, 2003; Barton o al, 201%) The composition agrees
well with the only other reported data for the region
(Oon and Daly 2015), which fomd that 26—-45% of

32



A FEEIBOTT ETAL. | HETEROTRED FHIC FROTISTS INTHE COSTA KICA DO ME

total dinoflagellates were heterotmphic gymnaodinaids and
identified protoperidingids in a few sampling locations.

Ciliate biomass and taxonomic distribution
Ciliate biomas was highest in Cyeles 2 and 4, which
were situated closest to the dome center (Landry e af,
201 5a). With the exception of Cyde 5, which had the
lowest overall dliate biomas and the least discernable
water-column variation, ciliate biomass was highest at or
ahove the chlomphyll maxima (range 0.18—048 mg Chl
am™?, mean 034 mg Chl a m™ ), which fell between 20
and 40 min all eydes (Fig. 2}

Mean integrated cliate hiomass was 507 mg Cm ™,
varying consderably from 85 mg C m 7 in Oycle 2 to
286 mg Cm ™ in Cyele 5. Despite the eyde differences in
toml cliae biomas, aonomic compesition varied litde
and was dominated by alonicae oligotrichs (mean 75%,
range 72—7 7% of ciliate biomas acms oydes). Tintinrids
constimted 10-18% of total dliate biomass [mean =
15%%), and Cil categorized as other or unidentifiable aver-
aged 11% oftor] biomas. The latter category contained a
very amall mimber of seuticociliates and eyelowichs, bt the
majority were likdy alodcate oligntrichs that had been
damaged n procesang and coukd not be classified.

A aepamte analyie of intinnid species and abundance
collecied from larger 10—40 L samples yidded further
information on dliate diveraty in the CRIX Of the 40
species identified, the three most numerous pecics were
Asarmpheliela anmille, Asnthosomells obtusn and Dadmoela
gmpmreds, which exceeded total abundances of 20 ¢l !
and eomstituted 54% of tintinnikds in all samples. For
further detaik on the tintinnid species, see Supplementary
Data, Fig 81, The pattern of tininnid biomass from this
separate sampling method agrees with the add Lugols
analyses of total cliate biomass, which found the greatest
perentage of integrated tntinnid biomass n Cydes 5
(18%) and 2 (14%), and the lowestin Cycles 3 and 4 (hath
1iF%). Addiionally the mean oml diameters of the cell
loricae (Dolan, 20 13) suggest that 60 —9(F4 of CRID tintin-
mick shoukd feed most effidently on nano-sized prey with
prefermed spherical diameters between 7 and 10 pm, sup-
parting our expectation of a potential predator—prey mela-
tionship between Cil and nano-sied prey

Some groups of (il displayed spedfic paterns among
cydes. Known ciliaste mixotophs in the gerns Toatosia
were modt abundant in Cyele 5. Although this eycle had
the loweat total dliate biomas, it had the highest presenee
of Tontaria on multiple sample days and depths, compris-
ing 96% of total ciliate biomass in one surface sample.
Tontossawere noted multiple dmes, butto a leser exent, in
Cydes 3 and 4, and were not present in Cycle 2 samples,
closeat to the dome center. Scuticodliates, known to be

bacterivores, were mainly present in Cyele 2 in small
numbers typically comprising less than 10/ of total ciliate
hinmasa, Cydotrichs, such as the miotmphic Me oo,
were aliovery mre bt present during Cyele 2.

Mst Cil (90%) fell into the micm-grazer size category,
with anly a small number of nano-Cil (Fig. 3). Acms al
cyeles, integrated nano-ciliate biomas avemged only 2%
af total nano-gmzer hiomas, whereas micm-sized Cil aver
aged 207 of micm-grazer biomass (Fig 3). It should be
nated that (3l smaller than B—10 pm would have been
mizsed entively cue to the B wm pore dze of the membmane
filter wsed in this analysis, s numbers of nanc-cliates
shoukl be considered underestimates. However the anly
previosly reported data on Cil in the Fasiern Tiopical
Pacific ((Maon and Dab; 2015) indicate that Cil less than
2-pm aceount o les than 15% of tokl grazer biomass,
and even less (<0 10%%) at stations within the CRIX Thus,
the <10 m Cil missed by our methods likely comprise a
wery small percentage of the total biomass,

Heterotrophic bacteria

Mean integrated H-Bact biomass was highest in Cyde 2
(487 mg C m_?j and Jowest in Cyele 4 (180 mg C m™
Fig 4B). Significant inear relationships (Mode I linear re-
gression, mdueed major 2ds) were found berween H-Bact
biomas and total antotrophic carbon biomass (FHg 4A,
¥=016X—0.37, ¥ = 054, P< 0,0001), primary produc-
ton (F= 021X + 0,17, #7 = 027, P< 0.0001) and Chla
(F=2820-14, & =016 P< 00001}, Howewr, the
goodness aof fit between H-Bact biomas and Chl a or
primary production were substantially lower than between
H-Bact and autotmph carbon biomasses,

Size class comparisons and carbon biomass
relationships
As seen in Fig, 5, mean integrated hiomas of nano-grazers
excerded micro-grazers in all eydes, with highest values in
Cyeles 3 (319 mg Cm ™) and 2 (314 mgC m™ ). Micm-
grazer biomas was highest in Cyde 4 (235 mg G m™7),
which had nearly equal  dismbutions between  nano-
(240 mg m_?:: and microsize dases “lotal depth-inte
grated hiomas of Hpmtss (H-Dino, H-Flag and (i)
varied little acma oycles, ranging fiom 536 mg O m™ in
Cycle 2 to 488 mg C m % in Cycle 4 (Fig 4B Ratica of
total autotmphic carbon (laylor & al, 2015) to total
H-pratiat carbon varied from 5.1 in Cyde 2-2.7 in Cyde 5.
Depth-integmted H-pmtst carbon correlates positively
with carbon of micm-szed antotmphs (Peason’s corel
ation, r= (68, F < (L0}, but not with nano- ar picoauto-
topha, Integrated micmheterotroph biomass also positvely
cormlates with microautotroph carbon 5= 058, < 005),
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Fig. 4. (A) Total hiomas (pg CL- ']nialzulnu\cm}u. determined by epifluorescence micrescopy and heterotmphic hasteria (F-Bact) determined
by flow cymmeny shows 2 significant Enear regressions (5= (.16 — 037, & =054, P 0.0001). (B) Toml inegrated heteromophic protis
heomass (H-Pret, mg C m~7) mchding H-Tino, H-Flag and Ci hiamas, compared with integrated heteotmophic hacterial hiomas (F-Bac,

mglm™ .!]

Integrated nancauwwoph carbon & positively correaed
with H-Flag biomass (r= 0,68, P < 001} and negatwely
with H-Dino hiomas (r= —063, P< (L01), suggesting
grazing by H-Dino on nano-autotrophs,

H-Mancs are significantly cormlated with picoplank-
ton (r=03%, P<001), and significant cormlations
between H-Nanes and both Speshomeas (r = (L34, P<2
0.01) and H-Bact (r= 031, #< 0,01} suggest grazing an
these spedfic pico-gzed groupa. H-Micros are not signifi-
cantly corredated with any potential prey size group, sug-
gesting top-down control on this group specifically.

Heterotrophic protist biomass and grazing
relationships

‘The dope of the mgressdon rhitomship between total
H-pmtis cabon biomass and the carbon consumed by
microznoplankion  grazing (25 pg Cpg CL™ day™
F00001; Fig 5] provides an estimate of the mean
hinmassspedfic gmzing rate of Hpmtiss in the CRID, in
this case, 23F% body O comumerd day_]. This is a comer-
vative estimate of total pmtistan phagotrophy because it
oondders only phytoplankion prey and neglects likely
feeding on H-Bact and other H-protists (eg Cil or H-Dino
feeding on mane-hetemrophs) or consumpdon of detrital
particles. Asmiming a gros growth effidency of 30 for
H-protists (Strmile, 1997, Landry and Calbet, 2004), phyto-
plankton comsumption st therefore suppart at least a
daily mean growth equivalent to 69% of biomass, which
trandates to an imtantaneous growth rate of 052 day ™"
‘This computed rate B very amilar to the measaed

5 —

Graring rate (pg C L~ day-')

I T I T I
i) 5 10 15 20

Heteratrophic protist hiomass (ug C L)

Fig. 5. Linear regresion (Modd T, reduced major asds) of micmzon-
plankion grazing rases (g O L' day ™) determined from diligon eqeri-
meemisas deserihed in Landry @al Tandry & of, 3015k with heserotmphic
preiist hiamass fug C L0 (3 = 25 -6.15, BT = 0.56).

inegrated instantaneos growth mte of phytoplankton,
.56 d _J, determined by the dilution experiments con-
ducted on the cnuse (Landry o al, 200 5b].

DISCUSSION

This study eonstitutes the first dataset of sufficient sample
size amd swope to explore the sze structum  and
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compostion of the hetemrophic micmbial community n
the CRID relative to contemporanenis etimates of auto-
traphic carbon, bacterial carbon and grazing mtes When
interpreting resulis, however, it is important to consider
that summer 2000 was not typical of the egion. Cur
cruise was preceded by moderae El Nifio physical condi-
tions in winter and spring, Although those conditions had
diminihed by mid-summer and were even reversing o La
Nifia-like in the latter half of the year, 20010 sl sands ot
as the only year without a dear mid-summer elevation of
surface Chl g in a decade of satellite obaervations from
2004 to 2014 (Landry o al, 2015a). Concentrations of
Syneghacocs, while still high, were almoat an owler of mag-
ninxle lower during our cruise compared with abundances
repomed previousdy (Li e al, 1983; Saito e al, 2005, Since
normal summertime chamacteristics of the phytoplankton
community in the dome were likely suppressed n 2010, it
is reasonable to expect that bath the autstroph and hetem-
traph micmbial assemblages woukd have been sampled at
umsually low seasonal levek. Thus, the trophic relation-
ships from this smdy may be more indormative than the
abaolute magmitudes observed,

CRD protistan grazer composition

and comparisons

MNano-sized grazers dominaie biomas acmss the CRD
region, specifically small H-Dina. Since pieophytoplank-
ton, such as Swednecar, comprised the majority of phyto-
plankton biomass measured (Landry et al, 200 5h; Taylor
eral, 2005}, it was expected that nano-gized protists woukd
likely dominate as grazers. k & notable, however that
H-Dino are important in GRID waters, where diatoms ae
scarce [~ 1% of phywplankton biomas; Taylor & al,
2015, becanse H-Dino are often seen in asociation with
diators due to ther ability to feed on cell as large, or
larger, than themselves (Nausbanll, 2000; Sherr and Sher,
2007} In the CRIY, therefare, the importance of H-Dino
is indicative of their broader trophic mle as consumers, as
opposed todiatom specialists.

In comparing our msults to pevios analyes of
H-pmdsts in open-ocean amas of the Eastern Tropical
Pacific (Table I}, it is dear that flagellaie biomass, indud-
ing H-Dina, usually exceeds that of Cil The findings of
Verity ef al (Verity o al, 1996) from US JGOFS studies in
the equatorial upwelling region ar 140"W stand out a3 an
extrermne in this regard, with very low cliate biomass and
dominance of H-Flag over H-Dino, Cther stdies with
dam in the same area, however, show a generml patern in
which Cil, H-Flag and H-Dino all comprise significant
components of the grazer assemblage (Chavez o al, 1996
Taylor et al, 2001}, In fact, the overall taxonormic divisions
of hiomas among H-Dino, H-Flag and Ci in the

hetemtrphic community studied by Yang o al (Yang o al |
2004 and OMson and Daly (Oson and Dialy, 201 5) are wery
similar to thar found in this sndy: H-Dino dominate het-
emtrophic biomas while H-Fag and Cil make up dzahle
fractions (10— HFh| depending on location and depth.,

Cwr results are most directly comparable with that of
Taylor & al (Taylor & al, 2011} based an the same
methods wsed for sample preservation and epifluores
cence microacnpy, and with that of (Obon and Daly
(Okon and Daly, 2013) based on the area sampled. In
comparizon with the former, we found higher absohite
and relative contributions of fagellates generally, H-Dino
in particular, in the CRD relative to the equatonial up-
welling system (Taylor & al, 2011). For Cil, the highest
biomas measured in the CRD & dmilar to the mean
euphotic zone values measured in the equatarial upwell-
ing region (3.4 va 2.9 pg G L1 respectively). As noted
previonsly, it s possible, though unlikely, that we missed a
large enough hiomass of nanosieed Cil by using an
B-pm pare filter in our slide preparation procedure to
account for dgnificant system differences, and low (il
coneentrations in equatorial upwelling waters have also
been reparted (Verity er al, 1996), Another explanation
for lower mean Cil values in our CRIY results s that we
analyzed samples taken much deeper in the water
column  (B0—-100m)] than the depths of sgnificant
primary pmductivity (93% occurred above 40 m; Landry
e al, 215k, Nonetheles, when mesuls are compared on
an areal basi, the differences am clear. The highly strat-
fierl and shallow euphatic zone of the CRIY had higher
imtegrated biomas of H-protists on average compaed
with that in the deep euphotic zone of the equatorial up-
welling region (525 and 3658 mgC m™7, respectively,
and the partitioning among H-Flag, H-Dino and (il
groups was substantally ditferent between these sudies,

O average, total hetemtmphic biomas in the equatarial
Pacific study was evenly divided between flagellates, inchud-
ing bath H-Flag and H-Dinogroups, and Cil (53 and 4 7%,
respectively; Taylor & al, 2011}, compared with the dear
dominance of flagellates in the CRD @(%% H-Dino and
H-Flag va 11% Cil}. Mean mixecHayer Chl a concentra
tors (0.2-0.3 mg m_';_: were smilar between regions, as
were mean  esimaies of depthiniegmted  antotmphic
hiomaz (1590 mg C m? far the CRD and 1385
mgCm™" for the equatorial Pacific; Tayor o al, 2011,
2005). Ths, it appears that seemingly small, batimpartant,
ditterences in phytoplankion community composition can
substantially impact the composition of oo-occurring
H-protise. PFicophymplankton clearly dominated CRID
biomas (G0 va 3% in equaindal Padfic Taylor e al,
2015}, whereas nanoplankion aceounied for the most
hinmas in the equamnial Pacific (Faylor stal, 2007) (leser
comparinn shows that different taxa were more prominent
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Table IT: Comparison of helerolroplic protist biomass [ CL_{,I reported in mulliple studies across the

equatorial and eastern Tropical Facgfic Ocean

Rogon and potas Locagon Data

Biomnass fug C LY Fnfomncas

Ea=wrn Tropical Padfic TR =125, 1065

Fobruamy=April 1968

Boors and Stveart (1971)

Ciliates 0.13-0.7%
Equsonal Paahc
Han mortoopin ic flagallamms TR -85, 110 Spring 1892 1.4£08 Varsat . (1995
Choanafiage laes and 5= 120, 1 25N a1+d1
Hainotoph o dnoflegelains EN P
Ciliates 1.0£4.7
Equatoral Padfic upwaling
<20 pmflagaiams 0, 140% Fobruamy-April 1992 & Waosty atal. (1996
Hotnmotopin ic dnoflagalasms Augqust=Octobor 1952 1.3
Cilimtes .88
<20 pmflagekes L]
Hotn motoopin i dnoflagolatms 1.8
Ciliates 016
Cantal and Easten Tropical Pachic
Hetmtrophc flagallzies T2 =10°8 S5, 110 Sprng 19532 1.7£13 Cnavez of al (1936
Hommtophic droflagalais TZESNN 18P 1709 [Fall 1982 23+£28
Apestcclams 1.5£20
Hon motropinic flagallammes 15207
Hainotoph o dnoflegelains A1+£08
Apesicdlems 1.3£14
Mot Equatnnal Pacific
Hommtophic flagallaims =119, 130730 W Sy 19E8 0.06-1.1 Yang atal. (2002)
Hainotopn o dnoflegelains 0.3=40
Cilites 0.03-28
Equatadal Padfic umwaling
Tkl hatratrophic potiss LT, Dcornbor 2004, 1.5=8Q2) Taylar afal. 20110
Hommtophic flagallaims 1109 =120 Saprtermbar 2006 182
Haotn aotopin i dnoflagolatms 1.54
Cilirtes 1.4=29{2.1)
Exstorn Tropical Paafic and CRD
Hammtmophic flagallams FM=-18M, Ot b = Moo 2007 O.5=-10.882.1) Qison and Daly (213)
Hommtophic droflagalams SOFWN- 106 Q2123023
Ciliates 0i=18 835
Casta Fica Doma
Hammtmophic flagallams ™= 10N, duna=July 2010 O.m@-a.7m This sty
Hommtophic dnoflagalams TN O.02-147 4270
Ciliates Q02-3.207

Mumbars in prortheses o maen vdues Ciam biomess for Boos and Swaart (Boors and Stowart, 1971) wes corwarted fom fia mpornd avomga
soluma fne? me using the Putt and Stoecior {Futt and Stoscher, 13859 carbon mrversion descussed inthe Mefod secion. Table wes mvsed and

updaind fom Yang atal{Yang of o, 2004,

in the picophytoplankton communities of the two amas
(Sweehoaas and  picoeulargotes in the CRD and
Hochbmeeas in the equatorial Pacfic). In addition, diatom
higmass was an order-of-magninide greater in the equator-
ial Pacific (20-84 mg Cm ™) than in the CRD (02—
0B mg C m Taylor & al 2015 Such differences,
notably maore nanc-sized phytoplankton and maore diatoms
in the equatorial Pacific, likely provided more of the pre-
fermd prey resources for Cil in equatnrial waters than were
available in the CRID during our suche The similarities in
mean Chl g and otal amotmphic biomass of these two
upwelling areas therefore mask significant differences in
aAze-related tophic dynamics and plankton community
COMPOALOns,

Our results differ in several ways from the previous
H-pmotist analyaes in the CRID by Osan and Daly ((son

and Dialy, 2015, For example, our esimates of total hewem-
trophic hiomas are kower (535 va. 686 mg G m ™, mspect-
ively), bt Obon and Daly (Olson and Daly, 2013) ako
reparted much higher Chl a values (mean = (L8, max =
1B pg Chl aL7") than memured during ouwr sampling
(moean = (1.2 ug Chl a L Taylar et al, 2015). Thus,
H-pmitist hiomass during our cruise was lower nabsohate
terms but disproportionatdy higher redatve to Chl a as an
indicatar of autatroph biomas, (kon and Daly ((lsan
and Daly 2013 ako reported a higher pewentage of Cil
than we found (30 va, 11%, repectively). Although H-Dino
accounted for the highest percentages af hetemtrophic
biomass in both snadies (41 and 60, wspectively), H-Flag
were bess mportant and Cil much maore impaortant e the
previos amalsi (Okon and Daly, 2003). These compaos-
itional ditferences might also be reasonably artributed o
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higher antotmphic biomas on the previous cubke, asum-
ing that higher food eoncenraton and proportonately
mare large prey would provide a beger growth emviron-
ment for Cil than eonditions during our cruise. However,
there was no size or compositional analysis of the auto-
trophic community foom the (Hson and Daly cruse o
evalate this possibilitg Additionally since Cil are ofien pre-
ferred prey of larger zooplankton, differencs in grazing
impact of mesceooplankton (top-down contral] coukd be an
alternate explanation for the differences in ciliate biomass
and heterotmoph community composition between the twao
amdies,

Biomass and grazing relationships

H-Bact consumes dissobved organic material produoced by
autotmphic organims; this, it & expected that ther
biomass should smongly corrdate with total autotmophic
binmass, Chl a and primary production, as noted eke-
where (Azam er al, T983; Taylor & al, 2007). The signifi-
cant linear reationship between H-Bact and  towl
autotmphic biomas (Fig 4A) underlies dear tends amaong
the cycles, where H-Bact biomas tracks variations in anio-
traphic biomas. In contrast, H-protst biomas did not
display dear patterns across cycles. Biomass of nano-
grazers and total picoplankion were positively cormelated,
suggesting a potential proedator—prey relationship between
these size dasses and supparting our hypothesi, bt no sg-
nificant relationship was fund between nano-gzed protiss
and micmheterotrophs (H-Micms). These relationships
suggeat that bottomeup foreing has a stmng influence on
bhacteria and picoplankton and their H-Nano conaumers,
whereas other factors, powentially top-down predation by
mesreonplankton, may maore strongly influence the micm-
heteratmoph assemblage,

The mlatively constant depth-integrated  biomas of
H-pmtists among all sampling locations (488-545 mg
Cm™% Fig 4B degpite dear changes in the integrated
autotrophic biomass (1089—1858 mg C m™% Taylor efal,
2015}, integrated H-Bact biomass (1B0—487 mg C m™
Fig 4B), total Chl a (16-31 mg Chl am ™) Taylor & al,
2015) and primary production rates (0-70 mg C m ™
Selph et al, 2015) suppore the potential of top-down pres-
sure from mesceooplankton. Temporal or spatial imbeal-
ances between growth and grazing of predator and prey
coukd abko crate such a condition; however, micmzon-
plankton  gmzing rates chsely wacked phytoplankton
growth mtez in individual dilition experimens  and
bhalanced picophyioplankion prmoduction for the region as
a whale (Gutitrrez-Rodrigues o al, 2015; Landry o af,
2005k, Figume 5 ako suggests a masonable relatonship
hetween variations in H-protitan biomass amnd grazing
impact on phytoplankton, although there is clearly nuch

unexplained variability that may reflect compositional
variahbility in consumers and prey Nonetheles, at least
from an experimental perspective, the strong eoupling
observed between protistan biomas and grazing, and
between grazing and phywplankton growth, would seem
to argue that predatory nfluences of higher tophic lewek
have a key role in explaining the rdative comstancy of
H-pmitistan hiomas among cydes (Fig 48],

Thiz idea is further supported by a separate analysis,
which found wvery unilorm mesozooplanktion biomas
amaong cydes ($86—5.37 g m_g_: deapite substantial did-
ferences in size structure, compesition, hiomass-specific
grazing rates and diel wvertical migratory  behavior
(Decima ef al, 2015). For mstanee, copepods were abun-
dant in all eycles, while euphausiids notably dominated
during Cyele @ (Iécima & al, 2015), near the dome
center, where (il hiomass was highest and diatom pro-
duction insufficient to support mesozooplankton (Taylor
e al, 2015, In fact, Cyede 2 had high productvity, but
the highest dominance of picophytoplankion and the
lowest direct feeding of mesozooplanktan on phytoplank-
ton of all eydes. This suggess particularly high mesozoo-
plankton grazing impact on micrceooplankion during
this cycle, which could explain its simiarity in H-protist
biomass to ather cycea despite conditiors of high prmod-
uctivity and picophytoplankton abundance, which would
fawor elevated H-pmtist biomas. The observed preva-
lence of salps and appendicularians during Cyde 5
(Décima o al, 2015), another area of high productivity
suggests that indirect competition for picophytoplankton
prey eoukd also influence standing stocks of H-pmtists, in
addition to direct predatory pressure by mesozooplank-
ton. In this case, the different composition of mesozoo-
plnkton n Cyde 5 might be wlated to the distinetly
lower ciliate biomass in that area (Fig Z2), while not
having much of an impact on total H-protist biomass.
Since top-down presure from mesoznoplankton eould
reasonably have an important regulatory mle in the
CRIY the micm-mesozooplankion link would be an
interesting and impaortant area of focused funire srudy

Acma all eyeles, the instantaneous growth mte of
H-protistan grazers computed from measumed grazing
impact on phytoplankion {156 dml,'_]: in dilution experi-
ments B simiar to the measured growth rate of phytoplank-
ton (052 day ™", Berause autotmphs and H-ptiss are
bath the potential prey for mesczooplankion, the caleu-
lated ability of protstan consumers of phytoplankion to
sutain growth rates d@miar to that of phytoplankton iz
central o maintaining a balance between producton and
grazing (Landry et al, 2011}, Thus, this agreement supports
the idea that the CRID & a tophically balanced ecrsysiem
(Landry & al, 201 5b). These growth rates ame also comsient
with microznaplankton providing a sgnificant carbon How
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to mescenoplankton in the CRI (Décima o al, 2015),
where  piophytoplankton  dominaie  phytoplankton
hiomass and two thirds of primary production iz comsumed
by provists (Landry «f al, 2015b),

Anather factor that coukd influence trophic relationships
in the CRIV is mixotmphy, a stategy that is reasonably
expected among flagellates competing againa dominant
picophytoplankton for Emitng mitdents or trace ele-
ments (Unrein eral, 2014). Although we did not specific-
ally address mixed trophic functionality in this sty
mixotmphs are common within prymnesiophyte, ciliate
(Eatehan eral, 2010} and flagelate groups (Green, 1991;
Stoecker, 19949, and a recent model suggests that mico-
trophy should be the dominant strategy for nanofagel-
lates in steady-state oligotmphic systems (Mita ef al,
2014}, While the predictions of this modd agree well with
our data with respect to the very low biomass contribu-
tion of diatoms in the CRD (non-motie micm-
autotrophs, Supplementary Data, Fig. 87), they differ in
substantially underestimating the prevalence of H-Flag,
at least accarding to our ability to distinguish plastidic
fiom nor-plastidic celk by epifluorscence micmsoopy.
As abo illistrated in Fig 5, the measured grazing impact
of protistan consumers is well eorreated with biomass of
non-plastidic eells (H-pmtiss), leading to reasonable esi-
mates of biomas-=spedfic ingestion and growth rates.
Thus, mixatrophy dos not need be inwked o eplain
the biomas and rate relationships found in our study,
though it may nonetheless be present and impaortant.
Asa comparative eeribe, we roughly estimated the po-
tential grazing-equivalent biomas of mimtophs in the
CRI} based on experimental resuls from the Equatorial
PFacific, which found that biomas-spedfic rates of phago-
wnphy among pigmented fagellates including autotraphic
flagellates, dinoflagellates and prymnesiophytes) were half
the mites, on average, companed with dmilarly gzed non-
pigmenied cella (Stokel o al, 2017). If this additional
hiomass is added tothat of H-protists and megressed aganst
grazing impacts as in Fig 3, the relatonship i sdll signifi-
cant (P<00001), but the slope & lower (1.54 pgC
[T rhy_]j, tandating o a lower mean consumer
growth raie of 038 day ™" (Fig 5). Thisis dmost the same
as the growth mte computed from the smilar analysis of
hiomas-specific grazing induding mixotrophs that was
done for the equatorial Pacific upwelling rwegion (Landry
e al, 2011). Bath analyses are eorservative, however, in
neglecting addifonal carbon flows friom H-Bact, detrits
and intra-guild predaton by protistan grazers, and, in the
case of mixowophs, the nutitonal supplement from photo-
tiphy. Thus, while misotmophy was unmeasued and is

NIMEBERG PAGESI-14 @ 2015

unnecessary to explan the wsults of our study (e, taking a
traditional perspective of distinet autotmophic and hetem-
twophic functons amang protist: eveals no obvious dis-
crepancies in biomass and rate whtionships), our wsule
would alio be comstent with a significant role of mio-
traphic ptists in the CRIX Like the top-down predatory
impact of mesoeooplankeon, focused sdies on mikotrop by
may help 15 o explain signamme features of the CRD such
as the relativly modest regional variahility in H-pmotist
biomass, compositon and procuctivity as wdl as the
general maintenanee of balanced production and gmazing
processes, Such studies are ako needed to understand the
resource acuisiton sirategies and trade-offs of nano-=sized
pmtats  in the picophytoplankion-dominated,  trace-
element limiwd waters of the CRI.
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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, 2012: 3820 mg C m™) and
heterotrophic microbial biomass (2008: 290 mg C m2, 2012: 1659 mg C m™). 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 pl alkaline Lugol’s solution, 10 mL buffered
formaldehyde, 500 pl 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™) and filtered. Aliquots of 50 mL were filtered onto 25 mm,
0.8 um black polycarbonate membranes for the analysis of small cells, and the remaining
450 mL of preserved sample was filtered onto 25 mm, 8.0 um 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 um membrane filters were imaged at 630X magnification,
and 8.0 um 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 pm. Cell biovolumes (um?3) were calculated using
length (L) and width (W) measurements in the formula for a prolate sphere, BV =
0.524*L*W?2. Carbon biomass was calculated from the biovolumes as: pgC cell™ =
0.216*BV%%° for non-diatoms and pgC cell* = 0.288*BV°8!! 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 um 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 pm. 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*W?), cone (BV = 0.262*L*W?)
or cone plus half sphere (BV = 0.262*W?*(L+W?2)). 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™) for 1 h in the

dark (Monger and Landry 1993). Aliquots of 100 mL were analyzed using a Beckman



49

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 as a
starting point for H-Bact (Garrison et al. 2000). Then, using the scaling factor FALS?>®
(Binder et al. 1996), the carbon:cell content was determined for each depth from the
specific mean cell carbon values and the FALS ratio (FALSsampie:FALSmean)’>°.
Statistical analyses of microscopy and FCM data

Samples were categorized as oligotrophic or eutrophic based on integrated
fluorometric chlorophyll (mg m), where locations with <1 mg m2 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 um 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 lllumina 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™
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 on average compared to 2,287 mg C m2at Stn. 9 (Fig. 3c). A similar
pattern was seen for heterotrophs, which increased 1.8 fold across the front, from 905 mg

C m2at Stn. 9to 1,659 mg C m2at 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 m2and 910 mg C m?) 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 m2and 605 mg C m). The eutrophic end of the
front transect had higher integrated autotrophic and heterotrophic biomass (2009 mg C m-
2and 1016 mg C m 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 m?at Stn. 1), but

decreased sharply across the front (13 mg C m?at Stn. 13). Synechococcus biomass
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exhibited the opposite pattern, increasing approximately 20x from Stns. 1 to 13 (140 mg
C m?at Stn. 1, 998 mg C m?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™ from Stns. 9 to 10) than that for autotrophs (1,511 mg C m= 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 m2at Stn. 9 to 1904 mg C m2at 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™ 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 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-2across 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 at Stn. 10)
was just slightly higher than at A-Front (2,010 mg C mat 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. 44, ¢). 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 mat Stns. 4 and 5, but 1200 mg C mat Stn. 6), while the peak was slightly closer to
the front at Stn. 10 in 2012 (1904 mg C m). 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, 2008: 2830 mg C m?), 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 pum) and nano (2-20 pm) 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.
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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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Supplementary Figure 4.1 Rarefaction curves for all OTUs by sample in the 16S, 18S

V9, and 18S V9 datasets.
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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™in 2014 vs. 0.44-0.54 day™ in 2006-07)

at coastal locations. Grazing rates were also higher at coastal sites during 2014 (0.39 day
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1in 2014 vs. 0.21-0.29 day™ 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 (Gomez-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 (Gémez-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-um 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-um prefiltered seawater and 0.1-um filtered seawater, 2 bottles filled with
47% of 200-um filtered seawater, and 2 bottles filled with 200-um 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 **C 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 mI™) 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™* 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-pum 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™) 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 um) 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



97

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 pg C L%, 2014: 99 pg C LY), and
a much lower total biomass during summer (Fig. 10c, 2005-2013: 85 + 11 pg C L,
2014: 29 ug C LY. 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*
offshore to a maximum of 0.58 d! at the coast (Table 1). Growth rates at coastal

locations (Cycles 1-3) were 0.40 d on average, slightly higher than the offshore average



99

growth rate (0.30 d). 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*},
2006-07: mean 0.52 d1), as were offshore growth rates (2014: mean 0.30 d%, 2006-07:

mean 0.40 d*!, 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! for
Synechococcus, 0.21-0.97 d™* for Prochlorococcus, and 0.58-1.95 d for picoeukaryotes.
The growth rates of Synechococcus, Prochloroccus, and picoeukaryotes in the size-
fractioned experiments, which were filtered through 200-pum mesh to leave only
micrograzers, had narrower ranges (Synechococcus: 0.10-0.52 d', Prochlorococcus:
0.53-0.64 d*!, picoeukaryotes: 0.18-0.51 d!). 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* and

Prochlorococcus from 0.47-0.81 d*. 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™) and sequence reads (mlt) were plotted
against each other (Fig. 12). There was a positive linear relationship between
Synechoccocus cell and sequence abundances (y = 3702.6x + 1210.1, R? = 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 (ug L) 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).



101

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* offshore to 0.55 d* near the coast, as
determined from the 2-treatment experiments (Table 1). Grazing rates at coastal
locations (Cycles 1-3) were 0.38 d! on average, slightly higher than the offshore average
growth (0.30 d1). The highest grazing rates were recorded in Cycle 3 (0.55 d1), along
with the highest growth rates (0.58 dt). 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, 2006-07: 0.28 d%) and offshore

grazing rates were similar (2014: mean 0.30 d!, 2006-7: mean 0.35 d!, Table 1).

Flow cytometry results. Taxa-specific growth rates from 2-treatment experiments

ranged from 0.57-1.53 d for Synechococcus, 0.06-0.73 d™* for Prochlorococcus, and
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0.55-2.01 day* for picoeukaryotes. In the size-fractioned experiments, the growth rates
of Synechococcus, Prochloroccus, and picoeukaryotes were 0.00-0.53 d%, 0.48-1.09 d,
and 0.26-0.43 d*. 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 (ug L™?) 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 ug C L vs. 29 ug C Lt in 2014), in agreement with other published
findings (Gomez-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*) compared to rates reported for 2006 (mean
0.44 +0.12 d'!) and 2007 (0.54 + 0.11 d*!, 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'*) compared to 2006 and 2007 (mean
0.29 +0.02 and 0.21 + 0.09 d™, 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™) and grazing rates (day™) 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.

2006 2007 2014
Location Cycle Growth(d") Grazing(d") Cycle Growth (d") Grazing (d") Cycle Growth (d") Grazing (d")
Coastal 1 056+£0.10 0.32+0.17 1 054+0.11 0.21+0.09 1 024£0.09 034+0.05

3 0.32+0.07 0.28+0.10 0.39+0.08 0.28+0.09

0.51+£0.04  0.23£0.04 4 0.65+£0.05 0.33+0.04 0.58+0.07 0.55+0.13

2
3

CA Current 0.54+0.08 043+022 4 035+£0.07 0.32+0.06
5

Offshore 5 036+004 0.32£0.05 2 0284004 0.30£0.04 0.39£0.03 0.27£0.04
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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.

Mean Daily Growth Grazed (%)

Size Fractioned 200-um

2-treatment

Location  Cycle Syn Pro Peuk Syn Pro Peuk
1 - - - 76425  63+28 111+15

Constal 2 128 + 80 134 126+44 53+31  94+23 95425
0as 3 101+73 71430 663 161+ 108 79+11 111+17

(Mean)  (114+35)
CA Current 4 67 + 36

Offshore 5 63+ 12

(134+30) (96+29)

232

81+16

96

46 + 39

(96+57)  (79+8 (105+9)
2714302 121480 91430

146 + 77 91+27 175+ 144
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Figure 5.1 Daily sample locations for each of the five experimental cycles conducted
during the spring 2014 cruise.



113

P1408 Temperature (°C) P1408 Chlorophyll a (ug L)

7 9 11 13 15 17 19 21 0 1 5 3 1 5 p

10

20

30 30

40 40

B B
£ 50
) i 50
2 3
A a
60 60
70 70
80 80
90 90
100 100
——Cycle 1 —Cycle 2 —Cycle 1 —Cycle 2
Cycle 3 —Cycle 4 Cycle 3 —Cycle 4
Cycle 5 + Coastal Mean SST Cycle 5 ¢ Coastal Mean Chl a
+ Offshore Mean SST Offshore Mean Chl a

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 5.9 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™ and/or > 0.5 uM nitrate and nitrite concentrations
were categorized as eutrophic (eut) and those < 1 mg Chl a m2and/or < 0.5 uM 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 1in 2007, 8 5 = Cycle 5 in 2008, etc.
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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
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Figure 5.12 Relationship between the abundance of Synechococcus sequences (ml™)
determined via 16S analyses and the abundance of Synechococcus cells (mlIt) determined
via flow cytometry (y = 3702.6x + 1201.1, R? = 0.60).
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Figure 5.13 Growth rates (day™) of 5 selected taxa of interest from (a) 16S, (b) 18S V9,
and (c) 18S V4 datasets versus chlorophyll a (ug L) in the mixed layer of each sample
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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, | needed to develop a time-efficient
method for enumerating the ciliates that had previously been underestimated by
epifluorescence microscopy. | 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
| presented in Chapter 2 addressed these issues and provided a convenient alternative for
obtaining accurate counts of ciliates in natural communities. | 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 | 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.

| 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
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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, | found that the phytoplankton composition
appears to shift the majority of the grazing pressure within the broader microzooplankton
category between nano- (2-20 um) and micrograzers (20-200 um). 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



138

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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