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Mesozooplankton are key components of pelagic ecosystems and the biological pump, 

providing a critical food web link between microbes and higher trophic levels and contributing to 

the passive and active fluxes of carbon and other elements from the ocean surface.  Thus, 

elucidating mesozooplankton responses to climate variability and their contributions to export 
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flux are integral to understanding potential changes in carbon and energy cycling and transfers in 

the sea.  In my dissertation, I examine the roles of mesozooplankton in the biological pump, in 

two contrasting, but both important, pelagic ecosystems of the North Pacific by addressing the 

following questions: 1) What large-scale climate forces modulate mesozooplankton fluctuations 

in the North Pacific Subtropical Gyre (NPSG)? and 2) How do mesozooplankton affect the 

contribution of certain microbes to export flux in the California Current System (CCS)?   

I document that mesozooplankton biomass at station ALOHA in the NPSG increased by 

173% from 1994 to 2013.  Using generalized additive models, I show a strong coupling between 

mesozooplankton fluctuations and primary production, although lagged transport effects on 

biomass due to large-scale changes in gyre circulation are also evident.  This result differs from 

the transport-dominated influences reported for North Pacific boundary currents.  I also show that 

despite the variability of biomass and primary production at station ALOHA, the size structure of 

the mesozooplankton community and active export fluxes mediated by migrants have remained 

relatively uniform.  Years with an increased contribution of smaller zooplankton to total biomass 

and decreased active flux may be related to strong El Niño events.   

Using metabarcoding analysis of salps, doliolids, and sediment traps, I evaluate the 

contribution of mesozooplankton to vertical export of microbes in the CCS.  I show that the 

protists detected in fecal pellets of salps and doliolids vary between species and sampling 

locations, and that only some mixed-layer microbes contribute significantly to sinking particles.  

Thus, pelagic tunicate feeding enhances the export of certain microbes within their fast-sinking 

fecal pellets.  My results also indicate that digestion resistance may be an important mechanism 

by which small phytoplankton such as Synechococcus remain recognizable in material exported 

to the deep sea. 
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INTRODUCTION 

 

The biological pump and the role of mesozooplankton 

The oceans and its biota play a key role in the carbon cycle and help modulate increasing 

atmospheric carbon dioxide (CO2) levels from the burning of fossil-fuels (Ducklow et al., 2001; 

Sabine et al., 2004).  The biological pump includes the processes by which inorganic carbon 

(CO2) is incorporated into organic particles by photoautotrophic organisms in the euphotic zone, 

the transformation of these particles by food web interactions, and their behaviorally-mediated 

transport, gravitational settling, and sequestration into the deep ocean (Longhurst and Harrison, 

1989; Ducklow et al., 2001).  Elucidating the mechanisms that affect the function and variability 

of the biological pump is integral to understanding the cycling of carbon and other elements in 

the sea (Sanders et al., 2014).  

The structure of plankton communities affects the efficiency and magnitude of the 

biological pump and therefore, the proportion of CO2 fixed during photosynthesis that is 

exported to the mesopelagic zone (Frost, 1984; Michaels and Silver, 1988; Ducklow et al., 

2001).  High export of particulate organic matter tends to occur in eutrophic regions where the 

phytoplankton communities are dominated by large micro-sized cells (20–200 µm), rather than 

in oligotrophic waters dominated by small pico- (0.2–2.0 µm) and nano-sized cells (2.0–20 µm; 

Michaels and Silver, 1988; Ducklow et al., 2001; Sanders et al., 2014).  However, our 

knowledge of which microbes contribute most to carbon export is still limited and the 

mechanisms affecting microbial contributions to export remains under debate (Richardson and 

Jackson, 2007; Stukel and Landry, 2010).   
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Mesozooplankton, a diverse group of organisms in the size range of 0.2–20 mm, play key 

roles in modulating the export of microbes out of the euphotic zone and are major players in the 

biological pump (Steinberg and Landry, 2017).  Mesozooplankton act as links between microbes 

and higher trophic levels (e.g., Beaugrand et al., 2003) and contribute to the gravitational settling 

of organic matter from the euphotic zone by packaging small cells into fast-sinking fecal pellets 

(e.g., Turner and Ferrante, 1979).  Large mesozooplankton, high biomass, and high flux of large 

fecal pellets in mesotrophic regions lead to a more efficient biological pump compared to that of 

oligotrophic sites (Steinberg et al., 2008; Wilson et al., 2008).  Furthermore, due to respiration 

and excretion at daytime mesopelagic depths, some mesozooplankton actively export dissolved 

compounds out of the euphotic zone during diel vertical migrations (e.g., Longhurst and 

Harrison, 1988).   

The contributions of mesozooplankton to the biological pump are determined by the 

composition and relative abundances of different taxonomic groups (e.g., Wexels Riser et al., 

2002; Wilson et al., 2008), which are influenced in turn by fluctuations in environmental 

conditions and changes in large-scale ocean circulation (Reid et al., 1978; McGowan et al., 

1998; Beaugrand and Reid, 2003; Di Lorenzo et al., 2013).  In the North Pacific, long-term 

fluctuations in the mesozooplankton community structure and biomass are linked to the Pacific 

Decadal Oscillation (PDO, Mantua et al., 1997) and the North Pacific Gyre Oscillation (NPGO, 

Di Lorenzo et al., 2008).  In the northeastern (Keister et al., 2011; Chenillat et al., 2012; Di 

Lorenzo and Ohman, 2013) and northwestern Pacific (Chiba et al., 2006, 2013), fluctuations of 

the PDO and the NPGO are documented to affect primary productivity and mesozooplankton 

community structure due to changes in transport, vertical mixing, wind patterns, and strength and 

timing of upwelling (Di Lorenzo et al., 2013).  Relative to boundary current systems, much less 
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is known about mesozooplankton responses to changes in climate in the central oligotrophic 

gyres. 

As contributions to long-term ecological programs in the central North Pacific (Hawaii 

Ocean Time series, HOT) and eastern North Pacific (California Current Ecosystem Long-Term 

Ecological Research, CCE-LTER), my dissertation addresses the following broad questions: 

- What large-scale climate forces are the main drivers of mesozooplankton fluctuations in the 

North Pacific Subtropical Gyre, and how do they impact the contributions of mesozooplankton to 

the biological pump? 

- How do the trophic interactions of mesozooplankton in the southern California Current System 

affect the contributions of certain phytoplankton groups to export flux? 

Mesozooplankton in the oligotrophic North Pacific 

The North Pacific Subtropical Gyre (NPSG) is the largest ecosystem in the ocean and 

was initially described as homogenous, stable, and predictable due to the apparent low 

spatiotemporal variability of the environmental conditions and plankton communities (Hayward 

et al., 1983).  As a result of the low nutrient availability in the euphotic zone, early studies 

recognized that productivity in the NPSG is low and largely recycled within the euphotic zone 

(Hayward et al., 1983).  Mesozooplankton were characterized by the lack of spatial, seasonal, 

and interannual changes (Hayward et al., 1983), and community structure was thought to be 

regulated by in situ processes (Hayward and McGowan, 1979).  

Although these studies elucidated important characteristics of the plankton communities 

in the NPSG, the conclusions with regard to ecosystem dynamics were based on sampling 

schemes that did not properly represent the spatiotemporal variability of the region (Karl, 1999).  
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Recognizing these limitations, with the goal of improving our understanding of the role of the 

NPSG in the cycling of carbon and other elements in the sea, systematic sampling at approximate 

monthly intervals started at station ALOHA (A Long-Term Oligotrophic Habitat Assessment) in 

1988 with the initiation of the Hawaii Ocean Time series program (HOT; Karl and Lukas, 1996).  

The mesozooplankton component of the HOT program was added in 1994.    

Contrary to the steady-state view, sampling at station ALOHA has demonstrated a clear 

seasonal cycle in the plankton community, characterized by a summertime increase in primary 

production (Dore et al., 2008) and mesozooplankton biomass (Landry et al., 2001).  Likewise, a 

significant long-term increase in primary production (1988–2008) and mesozooplankton biomass 

(1994–2002) were documented by Saba et al. (2010) and Sheridan and Landry (2004), 

respectively.  Variability in primary production was linked to fluctuations of the NPGO, with 

less consistent and weaker effects from the Multivariate ENSO index (MEI) and the PDO (Dave 

and Lozier, 2010; Saba et al. 2010).  Chiaverano et al. (2013) reported a positive linear 

relationship between primary production and mesozooplankton biomass.  However, our 

understanding of which large-scale climate forces modulate the temporal variability of 

mesozooplankton biomass in the NPSG has remained limited.    

In addition to affecting mesozooplankton biomass, variability in primary production has 

been associated with changes in the size structure of mesozooplankton communities, which has 

implications for energy transfer efficiency in the food web and for export flux to the deep ocean 

(e.g., Rodríguez and Mullin, 1986a,b; Rykaczewski and Checkley, 2008; Garcia-Comas et al., 

2014).  At station ALOHA, the primary producers are small and thus, direct mesozooplankton 

grazing impact is considerably low as they mainly prey upon nano and microzooplankton (Calbet 

and Landry, 1999).  Although their food resources are limited, mesozooplankton contribute 
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directly to passive export flux in the NPSG by concentrating smaller prey into fast-sinking fecal 

pellets.  The flux of fecal pellets contributes considerably to the particulate carbon flux, although 

the magnitude of the estimates depends on whether they are based on microscopical analyses of 

sediment traps (Wilson et al., 2008) or empirical metabolic relationships (Roman et al., 2002).  

In addition, mesozooplankton actively contribute to export of carbon and other elements from the 

euphotic zone through diel vertical migration, by feeding in surface waters at night and releasing 

metabolic by-products in mesopelagic waters during the day (Longhurst and Harrison, 1988, 

1989).  At station ALOHA, active export mediated by migrant mesozooplankton has been 

estimated to account for an additional 19%, 38%, and 78% on average of the carbon, nitrogen, 

and phosphorous collected in sediment traps (Al-Mutairi and Landry, 2001; Hannides et al., 

2009).  However, to better characterize the role of mesozooplankton in the cycling of carbon and 

other elements in the NPSG, it is important to understand how mesozooplankton biomass, size 

structure, and export contributions respond to environmental variability in a changing ocean. 

Mesozooplankton in the California Current System 

As the eastern boundary current of the North Pacific, the California Current System 

(CCS) is a productive and dynamic coastal upwelling region characterized by contrasting 

oceanographic conditions (Hayward and Venrick, 1998; Checkley and Barth, 2009).  In the 

seasonally productive inshore region, the phytoplankton community is diverse and dominated by 

large cells, such as diatoms and dinoflagellates.  In the offshore region, the cells are small, 

abundance and biomass are low, and species composition more closely resembles the 

oligotrophic central North Pacific (Venrick, 2002; Taylor et al., 2015).  Although it is expected 

that large cells dominate export flux in the productive inshore region of the CCS, the relative 
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contributions of different phytoplankton groups to export across the environmental gradient is 

not yet known.   

In addition to the contrasting inshore-offshore environmental conditions, variability at 

seasonal, interannual, and decadal scales in the CCS is reflected in changes in the composition of 

plankton communities, productivity, and particle export (McGowan et al., 1998; Checkley and 

Barth, 2009; Lavaniegos and Ohman, 2007; Wilson et al., 2013; Peterson et al., 2017).  

Anomalously warm conditions (sea surface temperature anomalies > 2°C) prevailed in the region 

during the period of my dissertation research, from late 2013 to 2016.  Initially, these 

anomalously warm waters extended southward from Alaska and affected the North Pacific, 

where it was known as the “blob” (Bond et al., 2015).  In the subsequent 2015-2016 El Niño 

event, the warm water conditions extended northward from the equatorial region (McClatchie et 

al., 2016).  During warm events, productivity in the CCS tends to decrease and plankton 

communities shift towards a higher dominance of smaller tropical-subtropical and open-ocean 

taxa, affecting higher trophic levels (Chavez et al., 2002; Peterson et al., 2002; Keister et al., 

2011; Peterson et al., 2017) and likely, the composition of the microbes contributing to export.   

With the aim of understanding the mechanisms by which climate forcing affects pelagic 

ecosystems in the CCS, process cruise studies of the California Current Ecosystem – Long-Term 

Ecological Research (CCE-LTER) Program were carried out during the anomalous warm 

summer 2014 and spring 2016.  The CCE-LTER has conducted systematic monitoring and 

experimental studies of long-term trends, ecosystem processes, and ecological modeling since 

2004 (Ohman et al., 2013).  Because water-column and mesozooplankton samples as well as 

sinking particles in sediment traps are routinely collected during the cruises, the CCE-LTER 
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program provided an opportunity to evaluate how mesozooplankton trophic interactions affect 

microbial contributions to particle flux in a habitat with contrasting environmental conditions.     

In the southern CCS, copepods generally dominate mesozooplankton biomass 

(Lavaniegos and Ohman, 2007); however, during the anomalously warm years of 2014-2016, 

conspicuous blooms of salps and doliolids occurred in the region.  Pelagic tunicates (salps, 

doliolids, appendicularians, and pyrosomes) are important, although variable components of the 

mesozooplankton (Alldredge and Madin, 1982), but when swarms occur, they can greatly impact 

microbial communities both in the water column and on sinking particles (Madin, 1974; Silver 

and Bruland, 1981).  Because pelagic tunicates are non-selective feeders, their diet generally 

reflects the microbial assemblages present in the water column (Madin, 1974; Silver and 

Bruland, 1981), and particles as small as picoplankton can be trapped in their mucous feeding 

nets and incorporated into fecal pellets (Silver and Bruland, 1981; Sutherland et al., 2010).  In 

turn, the mucous feeding net gets rolled into a dense mass that forms tabular fecal pellets that 

sink very fast, up to ~ 2.7 km d-1 in some salps (Bruland and Silver, 1981; Madin, 1982).  Thus, 

pelagic tunicates represent an important export mechanism for small cells compared to other 

zooplankton groups (Madin, 1974, 1982; Bruland and Silver, 1981; Pfannkuche and Lochte, 

1993).  Together, due to their non-selective feeding, high rates of fecal pellet production, and 

fast-sinking pellets, pelagic tunicates contribute disproportionately to total carbon flux during 

blooms (Bruland and Silver, 1981; Iseki, 1981; Smith et al., 2014).  The blooms of salps and 

doliolids observed in the CCS during the anomalous warm years thus likely had an important 

impact on production, plankton size spectra, and export fluxes, creating a unique opportunity to 

assess the potential contributions of pelagic tunicates to microbial export. 
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 Previous modeling, grazing experiments, and sediment trap analyses indicate that the 

microbes associated with the exported particles will likely reflect the species that are consumed 

by mesozooplankton and modified by differential digestion (Knauer et al., 1979; Small et al., 

1987; Stukel and Landry, 2010; Stukel et al., 2011, 2013, 2017), though some phytoplankton 

might also arrive via aggregate formation and direct sinking (Alldredge and Gotschalk, 1989).  

Phytoplankton exported from the euphotic zone are usually identified via microscopical analyses 

of the particles collected in sediment traps (e.g., Beaulieu and Smith, 1998) or via pigment 

analyses of samples from the euphotic and mesopelagic zones (e.g., Lomas and Moran, 2011).  

However, these methods only give a partial picture of all the taxa involved due to the difficulty 

of identifying cells that have been packaged in aggregates and mesozooplankton fecal pellets, 

and due to pigment degradation (Amacher et al., 2013).  Traditionally, only large photosynthetic 

microbes with heavy mineral tests, such as diatoms, were thought to significantly contribute to 

particle flux (Michaels and Silver, 1988).  More recently, molecular techniques have been used 

to characterize the exported photosynthetic microbes, demonstrating that small phytoplankton in 

the pico- and nano-size ranges are often significantly associated with export flux (e.g., Amacher 

et al., 2013; Guidi et al., 2016).  However, their relative importance to carbon flux and the 

mechanisms involved in their sinking, attachment to particle aggregates (Richardson and 

Jackson, 2007) in comparison with resistance to digestion within mesozooplankton guts (Stukel 

and Landry, 2010), are matters of debate.   

To help elucidate which phytoplankton groups contribute disproportionately to particle flux 

across the contrasting environmental conditions in the CCS, I used metabarcoding analyses to a) 

characterize the microbes potentially exported due to mesozooplankton trophic interactions by 

comparing the microbial assemblages in the water column and in the guts and fecal pellets of 
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three species of salps (Salpa aspera, Cyclosalpa affinis, and Pegea socia) and one doliolid 

(Doliolum denticulatum), and to b) assess the microbes associated with sinking particles 

collected in sediment traps below the euphotic zone, in comparison to those associated with the 

food web in the overlying water column.  

Dissertation outline  

The goal of this dissertation is to examine the role of mesozooplankton in the biological 

pump in two contrasting, but both important, pelagic ecosystems of the North Pacific.  The first 

half of the dissertation (Chapters 1-2) evaluates how changes in the environment modulate 

mesozooplankton biomass in the central North Pacific using the long-term biomass data 

collected at station ALOHA since 1994.  The second half of the dissertation (Chapters 3-4) 

focuses on the roles of mesozooplankton in microbial export in the CCS based on sampling 

conducted during cruises in 2014 and 2016.   

 In Chapter 1, I evaluated the large-scale climate forces that modulate the temporal 

variability of mesozooplankton biomass at station ALOHA from 1994 to 2013.  I found that 

annual variability of mesozooplankton biomass is significantly influenced by primary 

productivity, 4-year lagged NPGO, and 4-year lagged PDO.  This study highlights a strong 

coupling between mesozooplankton fluctuations and primary production for subtropical waters, 

although lagged transport effects are also evident.  Chapter 1 was published in full as Valencia B, 

Landry MR, Décima M, and Hannides CCS. (2016). Environmental drivers of mesozooplankton 

variability in the North Pacific Subtropical Gyre in the Journal of Geophysical Research: 

Biogeosciences. 121: 3131–3143, doi:10.1002/2016JG003544. 

In Chapter 2, I evaluated how changing environmental conditions have affected 

mesozooplankton size structure and their potential contributions to export flux in the NPSG via 
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grazing and passive export in comparison with active vertical migration.  I found that 

mesozooplankton size structure is significantly influenced by sea surface temperature, mainly 

driven by the strong 1997–1998 El Niño, and by primary production.  This study highlights that 

increasing productivity led to greater evenness of the size spectra and a higher potential 

contribution of mesozooplankton fecal pellets to passive export flux.  However, the biomass of 

diel migrants, and hence the active export of dissolved compounds, did not vary systematically 

with productivity.  Chapter 2, in full, has been submitted for publication of the material as it may  

appear in Valencia B, Décima M, Landry MR.  Environmental effects on mesozooplankton size 

structure and export flux at station ALOHA, North Pacific Subtropical Gyre. Global 

Biogeochemical Cycles.  

In Chapter 3, entitled “The role of salps and doliolids in feeding and export of protists 

during two anomalously warm years in the California Current System”, I used metabarcoding 

analysis to characterize the potential role of salps and doliolids in protist export.  I found that in 

each species, the potential prey detected were significantly different than the protistan 

assemblages in the water column, among individuals collected at different locations, and 

between the guts and fecal pellets of individuals at the same location.  However, these 

differences were largely due to changes in relative abundances rather than shifts in the prey 

detected.  This study highlights that differences in digestion resistance of some taxa may explain 

the differences observed, which could be the result of the higher resolution of metabarcoding 

analysis compared to microscopy.    

In Chapter 4, entitled “Microbial communities associated with sinking particles across an 

environmental gradient in the California Current System”, I used metabarcoding analysis to 

evaluate the prokaryotic and protistan communities in the water column and in particles collected 
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in sediment traps in the CCS.  I found that particle-associated microbial assemblages were 

distinctly different from the ambient water-column communities, and differences were also 

evident for protists across the ecosystem gradient.  In addition, I found that only some mixed-

layer microbes contributed significantly to sinking particles.  This study highlights the need for 

better resolve taxon-specific contributions to sinking flux in terms of carbon versus DNA relative 

abundances.   

Overall, using mesozooplankton biomass data, I documented the responses of the 

mesozooplankton community to the long-term increase in primary production in the NPSG.  

Understanding these responses is important (increase in mesozooplankton biomass, more even 

distribution of biomass across size classes, export flux mediated by mesozooplankton), 

considering that the future trends in productivity in the NPSG remain uncertain.  Likewise, using 

metabarcoding analysis, I documented with an unprecedented detail the microbes potentially 

exported from the euphotic zone in the CCS.  However, to better resolve taxon-specific 

contributions to upper-ocean productivity and particle export in terms of carbon, food-web 

studies are also necessary in addition to DNA relative abundances. 
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CHAPTER 2 

 

Environmental effects on mesozooplankton size structure and export flux at station 

ALOHA, North Pacific Subtropical Gyre 

 

Abstract 

Using size-fractionated mesozooplankton biomass data collected over 23 years (1994–

2016) of increasing primary production (PP) at station ALOHA, we evaluate how changing 

environmental conditions affect mesozooplankton size structure, trophic cycling, and export 

fluxes in the subtropical north Pacific.  From Generalized Additive Model (GAM) analysis, size 

structure is significantly influenced by a non-linear relationship with sea surface temperature 

(SST) that is mainly driven by the strong 1997–1998 El Niño and a positive and linear 

relationship with PP.  Increasing PP has more strongly enhanced the biomass of smaller (0.2-0.5 

mm) and larger (>5 mm) mesozooplankton, increasing evenness of the biomass spectra, while 

animals of 2-5 mm, the major size class for vertically migrating mesozooplankton, show no long-

term trend.  Measured PP is sufficient to meet feeding requirements that satisfy zooplankton 

respiration and growth rates, as determined by commonly used empirical relationships based on 

animal size and temperature, consistent with a tightly coupled food web with one intermediate 

level for protistan consumers.  Estimated fecal pellet production suggests an enhancing 

contribution of mesozooplankton to passive particle export relative to the material collected in 

150-m sediment traps.  In contrast, the biomass of vertically migrants does not vary 
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systematically with PP due to the varying responses of the different size classes.  These results 

illustrate some complexities in understanding how varying environmental conditions can affect 

carbon cycling and export processes at the community level in open-ocean oligotrophic systems, 

and which need to be confirmed and better understood by process-oriented mechanistic study. 

 

Introduction 

The responses of mesozooplankton communities to environmental variability can alter 

the dynamics of pelagic food webs and the services that they provide.  In dynamic regions of the 

oceans, for example, strong linkages have been demonstrated between climate-induced shifts in 

zooplankton size structure and the trophic fluxes to higher levels, including commercially 

important fishes such as cod, salmon, sardine, and anchovy (Ayón et al., 2011; Beaugrand et al., 

2003, 2010; Peterson and Schwing, 2003; Rykaczewski and Checkley, 2008).  Temporal trends 

to smaller zooplankton have also been suggested to drive change in biogeochemical cycling by 

decreasing the overall efficiency of the biological pump (Beaugrand et al., 2010).  While subtle 

trends in biomass and productivity have been documented for open-ocean oligotrophic regions, 

the long-term effects of climate on mesozooplankton communities and the processes they 

regulate have been much less explored compared to those in more productive habitats.  This is 

surprising in light of the suggestion that the relative contributions of mesozooplankton to 

biogeochemical cycles in oligotrophic regions may exceed those in richer systems (Al-Mutairi 

and Landry, 2001; Calbet et al., 2009; Isla et al., 2004).   

In this study, we evaluate how changes in environmental conditions at station ALOHA 

(A Long-Term Oligotrophic Habitat Assessment) in the North Pacific Subtropical Gyre (NPSG) 

affect the size structure of the mesozooplankton community and the resulting zooplankton roles 
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in carbon cycling and passive and active export fluxes from the euphotic zone.  For this, we 

analyzed near monthly data of size-fractionated mesozooplankton biomass over a 23-year period 

in which North Pacific climate drivers (Pacific Decadal Oscillation - PDO, North Pacific Gyre 

Oscillation - NPGO, and El Niño cycles) have varied and primary production and total 

mesozooplankton biomass have generally increased (Valencia et al., 2016).  While relative 

constancy of plankton community structure has previously been assumed to be a characteristic of 

oligotrophic regions such as the NPSG (Quiñones et al., 2003; Rodríguez and Mullin, 1986; 

Sprules and Barth, 2016), climate-related changes in the ratio of smaller to larger animals have 

the potential to affect the feeding requirement that support respiration and growth (Horne et al., 

2016; Sprules and Munawar, 1986), the relative production rates of smaller and larger fecal 

pellets (Paffenhöfer and Knowles, 1979; Wilson et al., 2008), and the relative abundances of 

migrating and non-migrating zooplankton (Hannides et al., 2009; Longhurst et al., 1989; 

Steinberg et al., 2012) – all with system-level biogeochemical implications.  Here, we 

hypothesize that increasing primary productivity should be linked with a shift to increasing 

relative abundances of larger phyto- and zooplankton.  Thus, while we might expect reduced 

biomass-specific rates of metabolism and growth (reduced contribution to euphotic-zone carbon 

cycling) as a consequence of larger mean zooplankton size, size structural changes should also 

enhance relative zooplankton contributions to passive (larger fecal pellets) and active export 

(larger zooplankton are more likely to migrate; Ohman and Romagnan, 2016).  The data provide 

an opportunity to assess structural and functional responses of a subtropical zooplankton 

community to a natural multi-decadal change in system productivity, to determine the extent to 

which zooplankton responses scale proportionally or disproportionally relative to primary 



 

40 
 

production, and to establish their potential connections to the major modes of north Pacific 

climate variability. 

 

Methods 

Sampling and Laboratory Analyses 

Zooplankton samples were collected on 225 cruises from February 1994 to August 2016 

at station ALOHA (22.45°N, 158°W) as part of the Hawaii Ocean Time-series (HOT) program.  

Oblique tows were taken through the euphotic zone (tow depth: 162 ± 36 m, mean ± standard 

deviation (SD)) with a 1-m2 plankton net from February 1994 to August 2005 and with a 1-m 

diameter ring net from November 2005 to the present.  Comparisons of the two nets in a series of 

tows on the same cruise revealed no significant differences in areal estimates of zooplankton 

biomass for either day or night tows (Mann-Whitney test, p > 0.05); therefore, they are assumed 

to be equally efficient samplers in the time series.  Both nets were made of 202-µm Nitex mesh 

and were equipped with a General Oceanic flowmeter across the net mouth to measure volume 

filtered and a time-depth recorder (Brancker XL-200 or Vemco logger) attached to the net frame 

to measure depth of tow.  On most cruises, three tows were done during midday (1000–1400) 

and three during midnight (2200–0200).  Onboard, a Folsom-split subsample (1/2, 1/4 or 1/8) 

from each tow was wet sieved through five mesh sizes (5, 2, 1, 0.505 and 0.202 mm), and each 

fraction was concentrated onto preweighed 200-µm Nitex filters, rinsed with isotonic ammonium 

formate to remove salt and frozen as described by Landry et al. (2001).  

In the laboratory, dry weight (DW) biomass of each size class was determined (Denver 

Instrument analytical balance, 0.01 mg) after thawing and oven drying (60°C for at least 24h).  

Weighed biomass was corrected for the volume of the subsample split, the volume of water 
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filtered (m3) and the tow depth (m), and is presented as areal biomass: g DW m-2.  When biomass 

in the 5 mm size class was zero and logarithmic transformations were needed for data analysis, 

as suggested by O’Brien et al. (2013), the sample was assigned a value of half of the minimum 

value in that fraction so as not to affect the trend.  Cruise mean DWs were calculated from the 

sums of the five size classes for each tow and the averages of the day and night tows per cruise.  

Migrant mesozooplankton biomass was calculated as nighttime minus daytime DWs for the 221 

cruises where paired day-night samples were collected.  Negative migrant biomass due to higher 

values during the day occurred for eight cruises.  These were not included in the trend analysis 

but are averaged in the calculations of active flux mediated by mesozooplankton migrations. 

For most cruises, the ratios of carbon (C) and nitrogen (N) to DW content of 

mesozooplankton was determined for one day and one night tow and applied to the other tows on 

that cruise.  Dried samples for each size class were ground to a fine powder, and a subsample (~ 

1 mg) was weighed in preweighed tin capsules and then analyzed by combustion relative to 

acetanilide standards in a Perkin-Elmer CHN Elemental Analyzer or a Costech Elemental 

Combustion System.  For cruises from October 2001 to October 2005 where no CN data were 

available, C biomass was obtained for each size class using the mean C:DW relationships for day 

and night tows (Appendix Table S2.1).  Mesozooplankton biomass data from this study can be 

accessed at the HOT website: http://hahana.soest.hawaii.edu/hot/hot-dogs/index.html. 

Biomass Size Structure 

Temporal variability in mesozooplankton size structure was evaluated by comparing the 

slopes of the normalized biomass-size spectra (NB-SS) and size diversity among years.  NB-SS 

slopes were obtained from least squares linear regressions (model 1) of normalized biomass 

(Bx/Δx) versus size class (x) 
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𝑙𝑜𝑔ଶ ൬
𝐵𝑥

𝛥𝑥
൰ = 𝑏 𝑙𝑜𝑔ଶ(𝑥) + 𝑎 , (1)  

where Bx is the DW of each size class x, Δx is the interval of each size class (0.303, 0.495, 1.0, 

3.0, 5.0 mm), and a and b are respectively the y-intercept and slope of the best fit line.  

Regression model fit was evaluated by the coefficient of determination (r2), which averaged 0.88 

(range: 0.77–0.94).  Size diversity was calculated using the Shannon-Wiener diversity index 

from the DWs in each size class using the ‘diversity’ function of vegan R package (Oksanen et 

al., 2017).   

𝐻ᇱ =  − ෍ 𝑝௜ (ln 𝑝𝑖) , (2) 

where pi is the proportional biomass of size class i.  Both the steepness of the NB-SS slope and 

the size diversity represent relative contributions of the size classes to total biomass (e.g., García-

Comas et al., 2014).  We used mean DWs of paired day and night samples for these analyses (n 

= 221). 

Temporal Trends of Biomass 

The seasonal and long-term trend of mean mesozooplankton biomass (mean of paired 

day-night DWs) and migrant biomass (night minus day DW) were evaluated by generalized 

additive models (GAM).  GAM is a non-linear regression technique that fits smooth functions 

through data to model the relationships between response variables and covariates without 

assuming a specific response function (Wood, 2006; Zuur et al., 2009).  In addition, the GAM 

structure can account for temporal autocorrelations of residuals, a usual characteristic of time 

series data.  GAMs were run for each size class of mean mesozooplankton biomass and for total 

migrant biomass using untransformed data and assuming Gaussian distributed residuals.  
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𝐷𝑊௜௬  = 𝑎 + 𝑓ଵ(𝐷𝑎𝑦. 𝑜𝑓. 𝑦𝑒𝑎𝑟௜) + 𝑓ଶ൫𝑇𝑖𝑚𝑒௜௬൯ +  𝜀௜௬     where  𝜀௜௬ ~ 𝑁൫0, 𝜎௬
ଶ൯,     (3) 

where DWiy is mesozooplankton biomass of the ith cruise (i = 1 to 221) in year y (y = 1 to 23), a 

is the model intercept, and f are cubic (f1) and thin-plate (f2) regression spline functions 

describing the effects of covariates day of year and time on biomass, respectively.  Residuals 

(𝜀௜௬) were modeled using an auto-regressive process AR1 to account for positive autocorrelation 

in residuals and a VarIdent variance structure to allow different variances per year (Zuur et al., 

2009).  Overfitting of the thin-plate smooth function was reduced by restricting the effective 

degrees of freedom (edf ≤ 4).  Model validation was done by graphical analyses of the 

normalized residuals to evaluate the assumptions of normality, homogeneity of variances, and 

independence (Appendix Figure S2.1).  We ran the GAMs in R using the function ‘gamm’ in the 

mgcv package (Wood, 2006). 

Carbon Cycling in the Euphotic Zone 

The potential impact of mesozooplankton on carbon cycling in the euphotic zone was 

estimated following an approach similar to that of Roman et al. (2002a).  We first estimated 

zooplankton production (ZP) using an empirical growth rate relationship, then determined the 

food consumption (ingestion, I) needed to support that production using a gross growth 

efficiency of 20% (GGE = ZP:I).  Egestion (E) of undigested carbon as fecal matter was 

estimated using an assimilation efficiency of 70% (i.e., E = 30% of I).  Whereas Roman et al. 

(2002a) assumed a GGE of 30% for their calculations, we used a lower estimate to be more 

consistent with data-constrained inverse model results for the open-ocean equatorial Pacific 

(GGE ≈ 18%; Stukel and Landry, 2010) as well as the median efficiency (22%) reported for 

copepods over a wide range of food concentrations and temperatures (Straile, 1997). 
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Mesozooplankton production (ZP, mg C m-2 d-1) was computed for each size class as the 

product of the carbon biomass (mg C m-2) times calculated temperature-dependent growth rates 

(g: d-1).  Carbon biomass for each cruise was obtained by elemental analysis, whereas the 

intrinsic growth rates (g: d-1) were calculated from the equation of Hirst and Lampitt (1998).  

Ingestion rates computed from ZP and GGE are compared to measured primary production on 

each cruise to assess the minimum portion of productivity needed to sustain mesozooplankton 

biomass, assuming direct herbivory.  Likewise, to assess the potential contribution of 

mesozooplankton fecal pellets to the particulate carbon flux, the computed egestion rates were 

compared to measured particulate organic carbon flux collected in sediment traps at 150 m at 

station ALOHA (data from the HOT website).  Annual rates (g C m-2 y-1) of ingestion, fecal 

pellet production, and primary production were calculated by temporal integration according to 

the trapezoidal rule.  Mean DW of paired day-night samples was used for all the calculations of 

this section (see Appendix 2 for further details on rate calculations). 

Active and Passive Export Fluxes 

Contributions of migrant mesozooplankton to the fluxes of dissolved inorganic carbon, 

nitrogen, and phosphorus due to respiration and excretion at mesopelagic depths were calculated 

following Hannides et al. (2009).  Rates of respiration (µl O2 ind-1 h-1), ammonia excretion (µg N 

ind-1 h-1), and phosphate excretion (µg P ind-1 h-1) were determined as functions of the mean 

biomass per individual in each size class (Landry et al., 2001; Appendix Table S2.2) and the 

temperature that migrants experience at daytime depths of 300-500 m (Table 1) using the 

metabolic relationships of Ikeda (1985) (see Appendix 2 for further details).  Excretion rates of 

dissolved organic compounds were assumed to represent a constant fraction of the total carbon 

(24%, Steinberg et al., 2000), nitrogen (32%, Steinberg et al., 2002), and phosphorus 
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metabolized (47%, Pomeroy et al., 1963).  Migrant-mediated active flux of dissolved compounds 

was compared to the gravitational flux of particulate organic matter collected in sediment traps at 

150 m, but only the months that matched the data available for migrant biomass were considered.  

Annual estimates of active (migrant-mediated) and passive fluxes (trap particles) were calculated 

by temporal integration according to the trapezoidal rule (g m-2 y-1). 

Environmental Effects on Size Structure and Migrant Biomass 

We used GAMs to evaluate the effects of changes in local environmental conditions and 

large-scale climate patterns on mesozooplankton size structure and migrant biomass.  Primary 

production (PP: integrated 0-150 m, g C m-2 d-1), sea surface temperature (SST: mean 0-10 m, 

°C), the multivariate ENSO index (MEI), the Pacific Decadal Oscillation (PDO), and the North 

Pacific Gyre Oscillation (NPGO) were considered as covariates (eqs. 4 and 5).  Local 

environmental data (PP and SST) were obtained from the HOT website, and climate indices were 

obtained from their respective websites: MEI (http://www.esrl.noaa.gov/psd/enso/mei/), PDO 

(http://research.jisao.washington.edu/pdo/), and NPGO (http://www.o3d.org/npgo/).  

Before running the models, we identified collinearity from the variance inflation factor 

(VIF) for combinations of all variables, using values <3 as the cut-off for inclusion of covariates.  

The models were run for annual means.  Because mesozooplankton were not sampled in all 

months over the 23 years analyzed, annual means of each environmental factor were calculated 

by including only the months that matched biomass data availability.  Models were run as 

𝑍𝑆𝑆௜ = 𝑎 +  𝑓ଵ(𝑃𝑃௜) + 𝑓ଶ(𝑆𝑆𝑇௜) +  𝜀௜      where  𝜀௜ ~ 𝑁(0, 𝜎ଶ),     (4) 

𝑀𝐼𝐺௜ = 𝑎 + 𝑓ଵ(𝑃𝑃௜) + 𝑓ଷ(𝑖𝑛𝑑𝑒𝑥௜) + 𝜀௜      where  𝜀௜  ~ 𝑁(0, 𝜎ଶ),     (5) 
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where ZSSi is size structure in year i, MIGi is migrant biomass in year i, a is the intercept, f are 

thin-plate regression spline functions describing the effects of environmental factors on size 

structure and migrant biomass, index corresponds to MEI, PDO, and NPGO, and εi are the 

residuals.  Overfitting of the smooth functions was reduced by restricting the effective degrees of 

freedom (edf ≤ 4).  For cases where edf = 1 (linear relationship), models were re-run including 

the covariate as a linear term.  We applied a stepwise backward approach to remove non-

significant covariates (p > 0.05).  After the ensemble of models was obtained for size structure 

and migrant biomass, the best model was selected by minimizing the generalized cross-

validation (GCV) criterion that measures the degree of penalization during fitting (Wood, 2006).  

Model validation was done by graphical analyses of the residuals to evaluate the 

assumptions of homogeneity of variances, normality and independence, as well as the model fit 

to observed values (Appendix Figures S2.2 and S2.3).  Influential observations were evaluated 

by the Cook’s distance (> 0.5).  These analyses were done in R using the function ‘gam’ in the 

mgcv package (Wood, 2006).  

 

Results 

Biomass Size Structure 

The percentages of daytime mesozooplankton biomass at station ALOHA are similar on 

average among the 0.2-0.5, 0.5-1 and 1-2 mm size classes (each 24 to 27% of total biomass), 

whereas the contributions of larger individuals to total biomass are lower (17% for 2-5 mm and 

6% for >5 mm) (Figure 1a).  Biomasses increase during nighttime in all size classes due to diel 

vertical migration, but the greatest increase occurs in the 1-2 and 2-5 mm fractions, resulting in a 

more even biomass distribution among the 0.2-0.5 to 2-5 mm fractions, each with 15-20% of the 
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total (Figure 1a and 1b).  Among years, the biomass size structure shows relatively low 

variability, as seen in the distributions of NB-SS slopes and size diversity around their mean 

values (Figures 1c and 1d).  Both the steepest NB-SS slope and the lowest size diversity occurred 

in 1999, indicating a shift in community size structure during that year (Figure 1c and d).  The 

steeper NB-SS slopes in 1998–1999 suggest a relative increase in the contribution of smaller 

zooplankton.  The decrease in size diversity from 1996 to 1999 suggest an increase in the 

dominance of one of the size classes, indicating that the distribution of biomass tended to be 

more uneven during those years. 

A closer look at the temporal variability of each size class evaluated using GAMs 

confirms the described significant summertime increase in mesozooplankton biomass at station 

ALOHA (Appendix Table S2.3, Figure 2).  However, in the long term, the trend varied between 

size classes: the smallest (0.2-0.5 mm) and largest (> 5 mm) increased linearly during the 23 

years analyzed, the intermediate (0.5-1.0 and 1.0-2.0 mm) presented a saturated response, 

increasing linearly until about 2003–2004 and remaining relatively constant after that.  The trend 

for the 2.0-5.0 mm size class was not significant (Appendix Table S2.3, Figure 2).  Since we 

mainly focus here on the trends in mean biomass for each size class, the seasonal and long-term 

analyses for separate day and night biomass are presented in supporting information (Appendix 

Tables S2.3 and S2.4, Appendix Figure S2.4).  

Carbon Cycling in the Euphotic Zone 

Our computed contributions of mesozooplankton to carbon cycling in the euphotic zone 

via food consumption and fecal pellet production are lowest at the start of the time series in 1994 

and highest by about 2 fold in 2011 (Table 1, Figure 3a).  Not surprisingly, given their 

calculation from biomass values and the relatively low variability of the biomass structure 
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(Figures 1c and d), the rate estimates closely follow the biomass trend, which generally increased 

from 1994 to 2004, except for the abrupt decline in 1997.  After 2004, however, annual 

variabilities of the rate estimates and biomass are higher, with substantial drops in 2006, 2009, 

and 2012 and peaks in 2007, 2011, and 2013 (Figure 3a).  Although variable, estimates of 

mesozooplankton ingestion are positively associated with primary production (Figure 3b).   

Mean mesozooplankton ingestion ranges from 25% (1995) to 47% (2011) of daily 

primary production, and the overall average is 33.7 ± 5.1% (± SD) (Figure 4a).  The mean ratio 

of ingestion to primary production increased from 31% in 1994–2003 to 36% in 2004–2015; 

however, the long-term trend of the ratio is not significant (p > 0.05, Appendix Table S2.5).  

Computed estimates of mesozooplankton fecal pellet production average 191 ± 40% (± SD) of 

the particulate carbon collected in sediment traps at 150 m, varying from 168% in 1994–2003 to 

213% in 2004–2014 (Table 2, Figure 4b).  The mean relationship of fecal pellet production to 

passive flux has increased significantly over the study period (p < 0.05, Appendix Table S2.5, 

Figure 4b).  

Migrant Biomass and Active Export Flux 

Comparing the beginning (1994: 0.26 ± 0.14 g DW m-2, mean ± SD) and end of the time 

series (2016: 0.51 ± 0.36 g DW m-2), migrant mesozooplankton biomass at station ALOHA is 

two-fold higher after two decades of observation.  However, biomass shows high variability both 

per month and year, with no clear seasonal patterns or long-term trends (Appendix Table S2.3, 

Figure 5).  Average migrant biomass was lowest in 1997 (0.22 ± 0.11 g DW m-2) and 2009 (0.24 

± 0.19 g DW m-2), about one third of the maximum value in 2011 (0.67 ± 0.32 g DW m-2).  In 

contrast, both day and nighttime mesozooplankton biomasses increase significantly during 

summer months and over the two-decade time series (Appendix Tables S2.3 and S2.4, Appendix 
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Figure S2.4), as previously shown for the mean mesozooplankton biomass at station ALOHA 

(Valencia et al., 2016).   

Following migrant biomass variability, the active fluxes of dissolved inorganic 

compounds due to respiration and excretion at mesopelagic depths show strong interannual 

variability with the lowest contributions to export in 1997 and 2009 and the highest in 2007 and 

2011 (Figure 6a).  The passive fluxes of particulate carbon (C) and nitrogen (N) in 150-m 

sediment traps increased until 2003 and decreased slightly afterwards (Figure 6b and 6d).  In 

contrast, the flux of particulate phosphorus (P) shows a stronger interannual variability, with a 6-

year period of low values from 2004 to 2010, followed by a peak in 2012 (Figure 6f).  Relative 

to the passive export of particulate matter, total migrant-mediated fluxes correspond to 17%, 

17%, and 41% of the C, N and P fluxes, respectively (Table 2, Figures 6c, 6e, and 6g).  The 

proportions of active/passive flux do not show significant temporal trends for any of the three 

elements (p > 0.05, Appendix Table S2.5); the mean proportions from 1994 to 2003 (C: 16.0%, 

N: 16.4%, P: 35.0%) are similar to those from 2004 to 2014 (C: 17.7%, N: 17.3%, P: 47.2%) for 

C and N, but an increase for P is noted (Figures 6c, 6e, 6g).  Converting the flux estimates to 

molar units and calculating the elemental ratios give an average C:N:P of 251:31.9:1 (standard 

errors (SE) of C:P = 6.9 and N:P = 0.9) for passive flux and an average C:N:P of 101:13.3:1 (SE 

of C:P = 0.8 and N:P = 0.4) for the elemental fluxes from active migrant zooplankton.  Turnover 

rates of N and P, calculated by dividing migrant-mediated active flux by migrant biomass (N 

from Table S1 and P from P:DW ratios from Hannides et al. (2009)) average 0.017 ± 0.002 d-1 

(± SD) and 0.021 ± 0.002 d-1, respectively.  
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Environmental Relationships 

Changes in relative size-class biomass contributions are best predicted by SST for the 

NB-SS slopes (Table 3 and Appendix Table S2.6-S2.7, Figure 7a) and by SST and PP for size 

diversity (Figure 7b and 7c).  SST effects on both NB-SS slopes and size diversity are nonlinear.  

NB-SS slopes decrease rapidly below average when SST is below ~24.4°C (Figure 7a), and size 

diversity is lower than average when SST is below ~24.7°C (Figure 7b).  Both results suggest 

that the contribution of larger zooplankton increases with SST until temperatures are ~24.7°C, 

thereafter staying more constant or declining slightly.  Above 25.4°C, the contribution of smaller 

zooplankton may increase slightly, but the data are sparse for this part of the temperature range.  

In addition to SST, PP significantly drives change in zooplankton size diversity with a linear and 

positive relationship suggesting that higher PP leads to a more even distribution of biomass 

among the size classes (Figure 7c).   

From the set of environmental factors (PP, MEI, PDO and NPGO) and lagged responses 

considered (up to 4 years), none are significant in explaining annual changes in migrant 

mesozooplankton biomass when two-variable GAMs are evaluated (Appendix Table S2.6).  The 

only significant model is when PP and 3-year lagged PDO are considered together, suggesting 

that they are the main drivers of interannual changes in migrant biomass (Table 3 and Appendix 

Table S2.7).  However, the relationships of both variables to migrant biomass are nonlinear and 

complex (Figure 8).  According to the model, migrant mesozooplankton biomass is higher than 

the mean when PP ranges from ~ 470 to 540 mg C m-2 d-1 and lower at both higher and lower 

values of PP (Figure 8a).  The relationship of migrant biomass with the 3-year lagged PDO 

shows a unimodal inverse response; migrant biomass is lower than the mean when PDO ranges 

from -0.5 to 1.0 and higher when the PDO index is lower or higher that that range (Figure 8b).  
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Discussion 

Mesozooplankton Biomass Size Structure 

In dynamic regions of the oceans, variability in system productivity is well demonstrated 

to modulate significant shifts in the size structure of zooplankton communities (Décima et al., 

2011; Manríquez et al., 2012; Medellín-Mora et al., 2016; Rykaczewski and Checkley, 2008).  

While the magnitudes of environmental variability are much smaller in the subtropical open 

oceans (Quiñones et al., 2003; Rodríguez and Mullin, 1986; Sprules and Munawar, 1986), here 

we show that systematic changes in size structure can also occur in such systems.  GAMs of the 

biomass variability for mesozooplankton size classes reveal subtle but significant differences in 

their responses to change over the 23 years of sampling at station ALOHA.  For the 2.0-5.0 mm 

size class, the dominant size mode for migrant mesozooplankton, no temporal trend is evident.  

Intermediate size classes, 0.5-1.0 and 1.0-2.0 mm, show strong early responses to changing 

environmental conditions (Sheridan and Landry, 2004), but level off after about 2003–2004.  In 

contrast, both the smallest (0.2-0.5 mm) and largest size classes (>5.0 mm) demonstrate positive 

linear increasing biomass over the full-time series.  These differences result in a more even 

biomass distribution across size classes at the end of the sampling period than at the beginning 

(Appendix Figure S2.5), with both smaller and larger zooplankton increasing in relative 

importance.  

Two indices of size structure, NB-SS slopes and size diversity, show significant effects of 

sea surface temperature (SST).  Consistent with an expected decrease in adult body size due to 

temperature-enhanced metabolism and growth (Horne et al., 2016), we found that smaller 

zooplankton increased when the water was warmer.  However, because the relationship between 

size and SST is nonlinear, smaller zooplankton also increased with decreasing temperature.  In 
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the Northwestern Pacific, Chiba et al. (2015) found a similar inverse relationship between 

copepod size and SST, which they attributed to concurrent variability in mixed-layer processes 

and productivity.  Further, for the shelf region of the East China Sea, SST variability was not 

related to shifts in zooplankton size structure (NB-SS slope or size diversity) whereas food 

availability was important (García-Comas et al., 2014).  At station ALOHA, the SST-size 

relationship is most influenced by the period of 1996–1999, which includes the strong 1997–

1998 El Niño and 1998–1999 La Niña, as well as the period of coolest SST and the lowest 

productivity in the data set.  The persistence of these conditions over both El Niño and La Niña 

states probably explains the lack of a relationship between size structure and the MEI.  In the 

equatorial Pacific, decreased zooplankton biomass and increased dominance of smaller 

zooplankton were associated with the 1992 El Niño event (White et al., 1995).  

Because we analyzed size structure by bulk biomass only, it is not clear if the strong 

increase in small and intermediate-sized zooplankton prior to 2004 reflects a change in 

community composition (i.e., smaller species), decreased adult size, or increased occurrence of 

juvenile stages.  Previous studies have noted that zooplankton community composition in the 

NPSG can remain relatively constant despite abrupt changes in temperature (McGowan and 

Walker, 1985), community size structure (Rodríguez and Mullin, 1986), and total biomass 

(Landry et al., 2001, 2008; McGowan and Walker, 1985).  Therefore, variability in the size 

structure at station ALOHA does not necessarily imply a significant change in species 

dominance.   

The positive linear relationship between PP and the size diversity index is consistent with 

the significant long-term increase in PP at station ALOHA (Saba et al., 2010; Wilson et al., 

2015) and the linear (smaller and larger zooplankton) and saturated trends (intermediate 
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zooplankton) found for the size classes.  However, this result contrasts with the expected positive 

linear relationship between PP and mean zooplankton size, by which higher food availability 

leads to a relative increase in larger zooplankton (Dam and Peterson, 1991; Hirst and Bunker, 

2003). These more typical community responses have been shown to occur in mesoscale eddies 

in the NPSG (Landry et al., 2008) and in the North Atlantic subtropical gyre (NASG) 

(Goldthwait and Steinberg, 2008), where shifts in phytoplankton size structure are reflected in 

increased mesozooplankton biomass and larger organisms.  Our results also do not agree with the 

negative relationships between zooplankton size diversity and productivity in the East China Sea 

(García-Comas et al., 2014) and Chilean upwelling systems (Medellín-Mora et al., 2016), where 

shifts towards smaller zooplankton (juveniles) occur in response to productivity pulses.  While 

we did not find a relationship (linear or nonlinear) between NB-SS slopes and PP, Sprules and 

Barth (2016) have observed that the NB-SS index is not always sensitive to productivity 

changes, as for example in the East China Sea (Garcia-Comas et al., 2014).   

On longer time scales, changes in the strength of alongshore currents associated with the 

PDO in the eastern North Pacific have been linked to shifts in the relative dominance of small-

warm (PDO+) versus large-cold water copepods (PDO-) (Keister et al., 2011).  In the western 

North Pacific, Chiba et al. (2015) also suggested that shifts in copepod size structure result from 

changes in large-scale ocean circulation.  In contrast to total zooplankton biomass (Valencia et 

al., 2016), we did not find an effect of either the PDO or the NPGO on zooplankton size 

structure at station ALOHA.  However, an analysis focused on species composition rather than 

bulk biomass could provide additional insights on mesozooplankton community responses to 

climate patterns in the NPSG. 
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Carbon Cycling in the Euphotic Zone 

Although we express our estimates of mesozooplankton ingestion as a percentage of 

measured primary production, only a small portion of that is expected to come from direct 

herbivory due to the system’s dominance by phytoplankton too small to be efficiently exploited 

by most mesozooplankton (Calbet and Landry, 1999; Calbet et al., 2009).  Isotopic evidence 

from the NPSG suggests that there is a 0.9 trophic level separation between primary producers 

and particle-feeding mesozooplankton, on average (Landry and Décima, 2017), indicative of 

their preferred feeding on protistan microzooplankton (Calbet and Saiz, 2005; Gifford, 1991).  

Consequently, one question that arises about the computed carbon cycling estimates for 

mesozooplankton at station ALOHA is whether their growth and energetic demands can be met 

by the measured rates of primary production given the trophic losses associated with carbon and 

energy transfer through an indirect multi-level food web.  By construction (i.e., mesozooplankton 

production = 20% of their ingestion), up to 20% of the zooplankton feeding requirements could 

be satisfied by internal predation of their biomass production (ZP) by carnivorous or omnivorous 

taxa.  If we assume that only half of ZP is eaten by carnivorous zooplankton, the rest going to 

other consumers like mesopelagic fishes, then growth and metabolic demands of suspension-

feeding mesozooplankton equivalent to 30.3% (range 23-42%) of daily primary production (= 

90% of our estimated mean ingestion rates) would need to be met by feeding on prey that comes 

indirectly from phytoplankton via an intermediate trophic step.  Assuming a gross growth 

efficiency of ~30% (Straile, 1997) for protistan consumers, the effective transfer efficiency is 

37% (0.9*0.3 + 0.1*1.0 = 0.37) for a 0.9 trophic level separation between phyto- and 

mesozooplankton.  The flow to mesozooplankton should therefore require an average of 82% 

(range 61-114%) of primary production, which is not unreasonable for a tightly coupled open-
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ocean food web.  While this simple calculation does not validate all of the assumptions of our 

rates calculations, it does illustrate that the resulting estimates are internally consistent with what 

is known about productivity and trophic structure of the system.  Primary production of the 

NPSG is clearly sufficient to support carbon requirements for respiration and growth of the 

mesozooplankton standing stock of the region at the rates suggested by the Ikeda (1985) and 

Hirst and Lampitt (1998) equations.   

As expected from the mesozooplankton biomass pattern and the biomass-based empirical 

relationships (e.g., Calbet, 2001), ingestion and egestion rates increase with increasing PP.  This 

has also been observed empirically in the responses of mesozooplankton biomass and grazing 

impact to enhanced productivity in mesoscale eddies in the NPSG (Landry et al., 2008) and the 

NASG (Goldthwait and Steinberg, 2008).  The temporal increase in productivity at station 

ALOHA is associated with increase in colonial and endosymbiotic nitrogen-fixing cyanobacteria 

(Karl et al., 2001).  Ingestion/egestion estimates are highly variable after 2004.  Relative to other 

years, the decrease in ingestion/egestion in 2006 coincided with a decrease in biogenic silica 

concentrations (Brzezinski et al., 2011), as well as with a change in the microbial community 

due to higher biomass of autotrophic eukaryotes and higher contribution of dinoflagellates to the 

heterotrophic biomass (Pasulka et al., 2013).  In 2012, anomalous upper water-column 

conditions in summer were characterized by low primary production and low diazotroph 

abundance (Wilson et al., 2015), which likely affected food availability to the mesozooplankton.  

As discussed above, increasing system productivity is expected to alter food-web size 

structure by selecting for larger phytoplankton (e.g., Landry, 2002; Thingstad, 1998).  If the main 

effect is to enhance the efficiency of the direct trophic link between phyto- and zooplankton, one 

might expect increased productivity to lead to a disproportionate increase in the zooplankton 
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biomass supported by PP and therefore a disproportionate increase in the carbon cycling by 

zooplankton.  If the main effect is to select for a significantly larger mean size of zooplankton, 

carbon cycling might decrease relative to PP due to lower biomass-specific rates of feeding and 

metabolism.  Although our results do show a modest 16% increase in the ratio of potential 

mesozooplankton ingestion to PP between decades 1994–2003 and 2004–2015 (largely because 

of the high ratio in 2011), perhaps suggesting a possible direction of change, the trend analysis is 

not significant due to differences in the responses of size classes.  Linear increases of the largest 

and smallest mesozooplankton size classes with PP will have opposing effects on biomass-

specific rates, and the 2nd largest size fraction (2-5 mm animals) has no significant temporal 

trend.  The resulting trend in the ingestion ratio (Figure 4a) therefore most resembles the biomass 

trends for intermediate (0.5-2 mm) size fractions, leveling off or declining after an early increase.  

We can conclude from this analysis that complexities in zooplankton size structure responses to 

varying PP tend to mute rather than amplify the effects on mesozooplankton roles in carbon 

cycling.  If this is the case for a period of increasing PP, we might expect to first order a similar 

resistance to change during possible future periods of declining productivity. 

Mesozooplankton and Export Flux 

Mesozooplankton contribute to export flux from the euphotic zone in two important 

ways: 1) by their production of fecal pellets or egesta that become part of the passively sinking 

particle field and 2) by their active transport and loss of organic matter to depth by metabolism 

and mortality during diel vertical migrations.  Similar to the result of Steinberg et al. (2012) for 

the Bermuda Atlantic Time Series (BATS), the potential contribution of mesozooplankton fecal 

egesta to particulate organic carbon (POC) flux has increased significantly at station ALOHA.  

This is because measured sediment trap flux has decreased slightly over the study period while 
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mesozooplankton biomass has increased substantially.  On average, our calculated rates of fecal 

pellet production account for 191% of the sinking export flux of POC collected at the base of the 

euphotic zone (150 m), consistent with previous estimates for the subtropical (Roman et al., 

2002a) and equatorial Pacific (Dam et al., 1995a).  The pellet production estimates could be high 

because temporal changes in assimilation efficiencies were not considered (see Roman et al., 

2002a).  The high ratio of fecal pellet production to measured POC flux could also reflect trap 

undersampling due to hydrodynamics (Butman, 1986) or missed pulses of POC export in the 

short-term (~ 3 days/month) trap deployments (see Karl et al., 2012).  However, the pellet 

production estimates are not necessarily inconsistent with the trap measurements because most of 

the pellets produced by smaller zooplankton are recycled in the euphotic zone (e.g., Roman et 

al., 2002a; Urrere and Knauer, 1981; Wilson et al., 2008).   

In contrast to corresponding estimates for both daytime and nighttime mesozooplankton 

biomass, migrant biomass does not show a significant seasonal pattern or long-term trend, 

despite being higher in 2016 than at the beginning of the time series in 1994.  This is due mainly 

to the lack of a systematic change in the 2-5 mm size class, which accounts for most migrant 

biomass.  Previously, Hannides et al. (2009) documented an increase in migrant biomass and 

migrant-mediated export flux at station ALOHA from1994–2005, which suggests that more 

recent conditions (e.g., food availability, predation, physical environment) have become less 

favorable.  Likewise, our results contrast with the long-term increase in migrant 

mesozooplankton biomass at BATS documented by Steinberg et al. (2012) from 1994–2010.  At 

station ALOHA, the years of lowest migrant biomass, 1997 and 2009, were both El Niño years 

(1997–1998, 2009–2010) with the lowest total zooplankton biomass (Valencia et al., 2016).  The 

1997–1998 El Niño corresponded to the canonical eastern-Pacific event, whereas the 2009–2010 
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El Niño was described as a central-Pacific event with differing ocean and atmospheric 

expressions (Di Lorenzo et al., 2013).  Although the size distributions of zooplankton biomass 

differed between these two events, both showed a low contribution of the >5 mm size class 

(Appendix Figure S2.5).  

Annual changes in migrant mesozooplankton biomass are mainly explained by 

fluctuations in PP and 3-year lagged PDO; however, the response is nonlinear and complex 

(Figure 8).  In the range in which the relationship between migrant biomass and PP is positive, 

the model suggests that increased system productivity transfers up the food web, enhancing the 

mesozooplankton contribution to metabolic fluxes in the mesopelagic zone.  In the adjacent 

equatorial Pacific region, migrant biomass and grazing impact correlate positively with food 

availability, in particular, the peak concentrations of auto- and heterotrophic microplankton, as 

well as mean total microplankton biomass in the euphotic zone and mixed layer (Décima et al., 

2011).  However, our model also suggests that there is a range in which the relationship between 

PP and migrant biomass is negative (~510 < PP < 570 mg C m-2 d-1), consistent with the inverse 

relationship described between active flux mediated by migrant mesozooplankton and trophic 

state (e.g., Isla et al., 2015; Longurst et al., 1989; Roman et al., 2002b).  The positive-to-negative 

shift in the relationship between mesozooplankton migrant biomass and PP at station ALOHA 

may be due to a change in migrant community structure, perhaps driven by predation pressure.  

Likewise, the positive (PDO.y3 > +1) and negative (PDO.y3 < -1) effects of the PDO suggest 

that other variables not evaluated in this study, possibly covarying with the PDO, might be 

driving the relationship.  As expected, the contribution of migrant active flux relative to the 

gravitational flux of particles collected in sediment traps was lower when migrant biomass was 

low (1997 and 2009, both El Niño years).   
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Despite the different temporal trends reported by Hannides et al. (2009) compared to this 

study, the relative magnitudes of migrant-mediated fluxes of carbon (17%), nitrogen (17%) and 

phosphorus (41%) compared to passive particulate flux are similar.  Because most PP in 

oligotrophic regions is recycled in the euphotic zone (Eppley and Peterson, 1979; Karl, 1999), 

the active flux mediated by migrant mesozooplankton has been shown to represent an important 

contribution to the total export flux in the North Atlantic (Dam et al., 1995b; Isla et al., 2004; 

Steinberg et al., 2000, 2002, 2012) and the North Pacific (Al-Mutairi and Landry, 2001; 

Hannides et al., 2009; this study).  In addition, because the NPSG is considered a phosphate-

limited region (Karl et al., 2001), migrant mediated phosphate flux at station ALOHA is 

particularly important (Hannides et al., 2009), which is evident in comparing the elemental ratios 

(C:N:P) of the particulate (251:32:1) and active fluxes (101:13:1).  As highlighted by Hannides 

et al. (2009), our results suggest that migrant mesozooplankton release more of their ingested 

phosphorus than nitrogen.  It is notable, however, that while the computed N:P excretion ratios 

for mesozooplankton are only slightly less than the 16:1 expected for Redfield, the ratios for 

sinking particles is double the Redfield value.  This is indicative of a P-limited system that 

efficiently recycles P in the euphotic zone relative to N, which is available in excess due to N2 

fixation (Karl, 1999).  Despite the limitations of estimating fluxes from empirical relationships, it 

is clear that the migrant contributions to export flux and stoichiometry in oligotrophic regions 

should be included in biogeochemical models to better understand all of the biological influences 

on elemental fluxes from the surface to the deep ocean.  

 



 

60 
 

Conclusions 

Because mesozooplankton can be viewed as temporal integrators of lower trophic level 

cycling in ocean food webs, the past two decades of increasing primary production at station 

ALOHA provides an opportunity to assess how variability in NPSG productivity can affect food 

web function and relationships.  We show that the measured production rates can meet the 

respiration and growth requirements of NPSG mesozooplankton as determined by commonly 

used empirical relationships, consistent with a tightly coupled production-grazing food web with 

approximately one intermediate trophic step, on average, between phyto- and mesozooplankton 

(Landry and Décima, 2017).  While total biomass and food consumption of mesozooplankton 

increase with increasing primary production, the effects on carbon cycling are not significantly 

disproportionate to PP due to complexities in the size structure responses.  There is however a 

disproportionate enhancement of the potential mesozooplankton contribution via fecal pellet 

production to passive particulate export from the euphotic zone.  In contrast, the biomass 

associated with vertically migrating mesozooplankton shows a dome-shape response to 

increasing primary production, leading to no significant change in the ratio of migrant-mediated 

active flux to measured passive export in sediment traps.  We show that this is due to the altered 

size structure of mesozooplankton biomass, which has become more even across size classes 

with increasing system productivity.  The future trend in NPSG productivity remains uncertain, 

potentially involving stratification effects that reduce phytoplankton biomass and select for 

picophytoplankton (e.g., Doney et al., 2012) or, conversely, temperature and CO2 effects that 

further enhance diazotrophy (Hutchins et al., 2007), and there is no assurance that even a 

reversal of the current trend of increasing PP will return the system to its previous state in all 

respects.  Despite these uncertainties, the current results provide crude predictions of 
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relationships that might occur in the future, but which need to be confirmed and better 

understood by process-oriented mechanistic study. 
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Table 2.1.  Summary of the environmental conditions used to calculate mesozooplankton growth, respiration and 
excretion rates from 1994 to 2015 at station ALOHA.  Euphotic zone estimates of the potential contributions of 
mesozooplankton to carbon cycling via ingestion and fecal pellet production are also presented.  Mean ± standard 
deviation (SD). n = 22 

 
Mean ± SD Range 

Primary production (mg C m-2 d-1) 516 ± 53 410 - 609 

Sea surface temperature (°C) 24.9 ± 0.3 24.2 - 25.5 

Temperature 0-100 m (°C) 24.4 ± 0.3 23.8 - 24.8 

Temperature 300-500 m (°C) 9.6 ± 0.3 8.8 - 10.2 

   
Ingestion (mg C m-2 d-1) 170 ± 34 107 - 247 

Fecal pellet production (mg C m-2 d-1) 51 ± 10 32 - 74 

 

Table 2.2.  Passive and active fluxes of carbon, nitrogen, and phosphorus (mg m-2 d-1) at station ALOHA.  Passive 
fluxes are from particulate matter collected in sediment traps deployed at 150 m from 1994 to 2014.  Active fluxes 
are migrant-mediated export of dissolved inorganic and organic compounds due to zooplankton metabolism at 
mesopelagic depths from 1994 to 2015.  Egestion corresponds to fecal pellets produced by mesozooplankton in the 
euphotic zone (Section 3.2).  Mean ± standard deviation (SD).   

  Carbon   Nitrogen   Phosphorus 

Passive flux (n = 21) 27.51 ± 3.58 
 

4.07 ± 0.60 
 

0.31 ± 0.08 

      
Active flux (n = 22)      

Inorganic 4.24 ± 1.17 
 

0.63 ± 0.17 
 

0.11 ± 0.03 

Organic 1.34 ± 0.37  0.30 ± 0.08*  0.10 ± 0.03 

      
Active/Passive flux (%) 17 ± 4 

 
17 ± 4 

 
41 ± 16 

      
Egestion/Passive flux (%) 191 ± 40   -   - 

* Dissolved organic nitrogen (DON) excretion using Steinberg et al. (2002) relationship that assumes DON 
represents 32% of the total dissolved nitrogen (TDN) excreted.  Due to uncertainties in the relationship DON:TDN, 
values are also presented using Le Borgne and Rodier (1997) relationship that assumes DON represents 53% of 
TDN excretion, 0.71 ± 0.20 mg N m-2 d-1.  
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Table 2.3.  Effect of environmental factors on biomass size structure and migrant biomass of mesozooplankton at 
station ALOHA from 1994 to 2015.  Generalized Additive Model results are presented for the final models selected.  
Biomass size structure was evaluated by calculating the slope of least square linear regressions between normalized 
biomass-size spectrum (NB-SS Slope) and by the Shannon-Wiener (Size Diversity) index.  Migrant biomass (mg 
DW m-2) correspond to the difference between day and night mesozooplankton dry weight estimates.  Results of the 
effect of each environmental factor on the response variables (two variable GAM) (Table S6) and non-significant 
models (Table S7) are presented in supporting information.  PP: primary production (mg C m-2 d-1), SST: sea surface 
temperature (°C), NPGO: north Pacific gyre oscillation, PDO.y3: Pacific decadal oscillation lagged 3 years. SE: 
standard error, edf: effective degrees of freedom, r2: coefficient of determination, DE: deviance explained.  n = 22 

 Response Parametric terms   Smooth terms       

 variable   Estimate SE P value   Covariate edf P value   r2 DE (%) 

NB-SS Slope Intercept -1.27 0.01 < 0.001 
 

SST 3.64 < 0.001 
 

0.70 74.8 

            
Size Diversity Intercept 1.39 0.04 < 0.001 

 
SST 2.46 0.004 

 
0.60 66.7 

PP 0.24 0.09 0.012 
       

            
            
Migrant  

Biomass 

Intercept 0.41 0.01 < 0.001 
 

PP 3.98 0.002 
 

0.61 72.9 

  
   

  PDO.y3 2.50 0.020       
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Figure 2.1.  Mesozooplankton biomass size structure at station ALOHA from 1994 to 2016.  (a) Day and night 
biomass and (b) migrant biomass in each size class.  Biomass size structure was evaluated by (c) changes in the 
slope of the normalized biomass-size spectrum (NB-SS) and (d) changes in the Shannon-Wiener size diversity 
index.  Mean slope and size diversity are indicated by a dashed line.  Bars and dots correspond to the mean ± SE. 
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Figure 2.2.  Temporal trends of each size class for mean mesozooplankton biomass (mean of paired day-night DW) 
at station ALOHA from 1994 to 2016.  Partial regression plots represent the modeled seasonal and long-term trends 
of biomass using GAMs (see Table S3).  X-axes are the model covariates (day of year and date) and the tick marks 
represent each observation.  Y-axes represent the effects of covariates on predicted mesozooplankton biomass.  Y-
axes values are deviations from mean biomass and thus are centered.  Numbers in parentheses are the effective 
degrees of freedom.  Solid lines are the modeled trends and shaded areas are the 95% confidence intervals.  
Predicted values are obtained by adding the deviations from each smooth function to the mean.    
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Figure 2.3.  Estimates of mesozooplankton ingestion impact and fecal pellet production at station ALOHA from 
1994 to 2015.  (a) Interannual variability of ingestion and fecal pellet production.  (b) Relationship between 
mesozooplankton ingestion estimates and primary production (rs = 0.63, p = 0.002). 

 

 

 

Figure 2.4.  Temporal trends in annually averaged ratios of (a) mesozooplankton ingestion relative to primary 
production (ZI/PP) and (b) mesozooplankton fecal pellet production (ZE) relative to passive particulate organic 
carbon (POC) collected in 150-m sediment traps at station ALOHA.  The significance of the trends was evaluated by 
GAMs.  The trend of the ratio ZI/PP is not significant (p = 0.10, Table S5).  The increase in the ratio ZE/POC trap is 
significant (p < 0.05, Table S5).   

 

  



 

67 
 

 

 

Figure 2.5.  Temporal variability of migrant mesozooplankton biomass at station ALOHA from 1994 to 2016 
evaluated using a GAM.  Model results suggest that there is no significant seasonal pattern or long-term trend (Table 
S3, p > 0.05).  (a) Monthly variability of migrant biomass.  Boxes and whiskers correspond to 25-75th and 5-95th 
percentiles, respectively.  The horizontal line represents the median and the circles represent outliers.  (b) 
Interannual variability of migrant biomass.  Fitted line is a three-point moving average.  Results of the temporal 
analysis of day and night zooplankton biomass are presented in supporting information (Table S3, Figure S1).   
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Figure 2.6.  Active and passive flux (g m-2 y-1) of carbon (C), nitrogen (N), and phosphorus (P) at station ALOHA.  
Active flux mediated by migrating mesozooplankton corresponds to the dissolved metabolic byproducts of 
respiration and excretion at mesopelagic depths (inorganic compounds).  Although the magnitudes of the active 
fluxes of C, N and P differ, their temporal trends are the same because all were calculated as a function of 
mesozooplankton biomass and temperature following the equations proposed by Ikeda (1985).  Passive flux 
corresponds to particulate organic matter collected at 150 m in sediment traps.  Boxplots show the proportions of 
total migrant-mediated active flux (dissolved inorganic and organic compounds) to the passive flux of particles 
collected in sediment traps.  Boxes and whiskers correspond to 25-75th and 5-95th percentiles, respectively.  The 
horizontal lines represent the median and the circles represent outliers.   

 

  



 

69 
 

 

Figure 2.7.  Relationships between mesozooplankton biomass size structure and environmental factors at station 
ALOHA evaluated using GAMs.  Partial regression plots (a-c) represent the effects of environmental factors on the 
NB-SS slope (size slope) and size diversity for the generalized additive models selected.  Axes as described in 
Figure 2.  Interannual variability (mean ± SE) of sea surface temperature (d) and primary production (e). 

 

 

Figure 2.8.  Relationships between migrant mesozooplankton biomass and environmental factors at station 
ALOHA.  Partial regression plots represent the effect of (a) primary production and (b) PDO lagged by 3 years on 
biomass for the GAM selected.  Axes as described in Figure 2.  
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CHAPTER 3 

The role of salps and doliolids in feeding and export of protists during two anomalously 

warm years in the California Current System  

 

Abstract 

Salps and doliolids are important components of pelagic communities due to their high 

filtration rates and production of fast sinking fecal pellets.  In the southern California Current 

System, blooms of three salp species, Salpa aspera, Cyclosalpa affinis, and Pegea socia, and the 

doliolid Doliolum denticulatum occurred during anomalously warm conditions of 2014-2016.  

Proliferation of the pelagic tunicates created a unique opportunity to evaluate and compare their 

gut contents and fecal pellets relative to water-column protistan assemblages using 18S rDNA 

metabarcoding.  Parasitic alveolates, apicomplexans and syndiniales, accounted for 40 to 60% of 

the protistan sequences identified in the four species.  Dinoflagellate sequences still dominated 

when known parasites were removed from the analyses, but prasinophytes also emerged as 

important prey for S. aspera and C. affinis in summer 2014, and heterotrophic stramenopiles for 

P. socia and D. denticulatum in spring 2016.  For each species, the prey sequences differed 

significantly from protistan assemblages in the water column, among individuals collected at 

different locations, and between the guts and fecal pellets of individuals at the same location.  

Prey composition also differed significantly in co-occurring tunicates (S. aspera and C. affinis in 

2014; P. socia and D. denticulatum in 2016), although they were generally more similar than 

individuals of the same species at different locations.  Our results contrast with previous findings 

from microscopical analyses suggesting that prey of pelagic tunicates reflect the relative 
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abundances of microbial assemblages in the water column, although the differences were due to 

changes in protist composition or relative abundances rather than major shifts in prey detected.  

Clade I Synechococcus dominated in tunicate guts and fecal pellets compared to dominance of 

clade IV in the mixed layer, and appears to be differentially transferred to depth in tunicate 

pellets.  Even for relatively passive filter feeders like salps and doliolids, complications from 

parasites and differential prey digestibility make the interpretations of dietary selectivity and 

microbial contributions to export far from straightforward.  

 

Introduction 

The pelagic tunicates salps and doliolids are important but variable components of marine 

zooplankton communities (Alldredge and Madin, 1982).  When these gelatinous filter feeders 

occur in swarms, their efficient grazing can remove a large proportion of primary production and 

greatly impact microbial communities (Perissinotto and Pakhomov, 1998).  In addition, their fast 

sinking fecal pellets (e.g., ~ 2.7 km/d for salps) and carcasses are major routes of carbon export 

from the euphotic zone to the deep sea (Bruland and Silver, 1981; Iseki, 1981; Madin, 1982; 

Smith et al., 2014; Takahashi et al., 2015).  Both salps and doliolids are considered non-selective 

feeders (Madin, 1974; Silver and Bruland, 1981), and micro-sized prey (20–200 µm) account for 

most of their carbon uptake (Sutherland et al., 2010).  However, particles in the nano- (2–20 µm) 

and pico-plankton (<2 µm) size range can also be trapped in their mucous nets and incorporated 

into fecal pellets (Harbison and McAlister, 1979; Bruland and Silver, 1981; Katechakis et al., 

2004; Sutherland et al., 2010).  Thus, compared to other major mesozooplankton groups, salps 

and doliolids represent an important export mechanism for very small cells (Madin, 1974, 1982; 

Bruland and Silver, 1981; Pfannkuche and Lochte, 1993).   
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Most knowledge about salp and doliolid feeding is restricted to micro-sized prey 

characterized by microscopical analyses of fecal pellets (Madin, 1974; Silver and Bruland, 

1981), which provides little to no information about smaller microbes.  Recently, molecular 

techniques have been used as an alternative method to obtain high-resolution information about 

zooplankton diet (e.g., Nejstgaard et al., 2003).  For pelagic tunicates, these techniques have 

elucidated differences in diet composition between salp species (Metfies et al., 2014), as well as 

differences in digestability of doliolid prey (Frischer et al., 2014).   

In the California Current System (CCS), conspicuous blooms of salps occurred in 

summer 2014 and doliolids in spring 2016, likely favored by the anomalously warm conditions 

(sea surface temperature anomalies > 2°C) and ocean circulation that prevailed in the region 

from late 2013 to 2016.  Initially, these conditions were a result of a warm water anomaly that 

extended southward from Alaska and affected the North Pacific, where it was known as the 

“blob” (Bond et al., 2015).  In the subsequent 2015-2016 El Niño event, the warm water 

conditions extended northward from the equatorial region (McClatchie et al., 2016).  These 

blooms, following the long-term decline documented by Lavaniegos and Ohman (2007), 

provided a unique opportunity to investigate the impacts of pelagic tunicates on microbial 

communities. 

In this study, we used metabarcoding analysis to identify the prey species consumed by 

three species of salps, Salpa aspera, Cyclosalpa affinis, and Pegea socia, and one doliolid, 

Doliolum denticulatum.  We also evaluated the potential role of these species in export via their 

fast-sinking fecal pellets.  Although the four species of tunicates have been documented in the 

CCS previously, only S. aspera has been characterized as a persistent component of the region’s 

zooplankton (Lavaniegos and Ohman, 2003).  C. affinis and P. socia tend to occur more 
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frequently during cool phases of the Pacific Decadal Oscillation (PDO) (Lavaniegos and Ohman, 

2003), thus their presence during warm-water conditions in 2014-2106 was unusual.  D. 

denticulatum generally occurs during warm phases due to its predominantly subtropical 

distribution.  Based on microscopical analysis and the passive filter-feeding behaviors of pelagic 

tunicates, we hypothesized that feeding would differ among individuals of the same species 

occurring at different sites, but tend to be similar in individuals of different species when they 

co-occured.  Likewise, we hypothesized that the microbial composition of guts and fecal pellets, 

presumably representing taxon-specific contributions to export out of the euphotic zone, would 

largely reflect relative microbial abundances in the water column.  

 

Materials and methods 

Sample collection for metabarcoding 

Zooplankton samples and environmental data were collected in the southern California 

Current System (CCS) as part of the CCE-LTER process cruises P1408 (11 August – 02 

September 2014) and P1604 (19 April – 12 May 2016) onboard the R/V Melville and R/V 

Sikuliaq, respectively (Figure 1).  During each cruise, water parcels with relatively homogeneous 

conditions were selected based on satellite images of sea surface temperature and chlorophyll, 

following surveys with a Moving Vessel Profiler (e.g., Ohman et al., 2013).  At each location, 

referred to as an experimental cycle, we followed water parcels for 3-5 days by tracking a 

surface drifter with a holey sock drogue attached at 15 m depth.  As we followed the drifter, the 

euphotic zone (0.1% surface irradiance) was characterized by taking profiles twice a day (02:00 

and 12:00) with a Conductivity Temperature Depth (CTD) profiler in a Niskin-bottle rosette. 

Discrete water samples were collected at 6-8 depths and analyzed for chlorophyll (Chla), 
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nutrients, primary production, and molecular analysis.  Complete protocols for the collection and 

processing of environmental samples as well as cruise data are available at the CCE-LTER 

website (http://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets).  

Salps and doliolids were collected between 20:30 and 22:30 by shallow (~ 50 m) and 

short (~ 5 min) zooplankton tows with a 1-m diameter ring net (202-µm Nitex mesh).  Solitary 

individuals and aggregates of Salpa aspera and Cyclosalpa affinis were collected during summer 

2014, while aggregates of Pegea socia and blastozooids and oozoids of Doliolum denticulatum 

(L. Sala, pers. com.) were collected during spring 2016.  After the tows, zooplankton samples 

were diluted with surface water in 5-gallon buckets, and aggregates or solitary individuals were 

carefully removed, rinsed with filtered sea water, wrapped in aluminum foil, and frozen at -80°C.  

The elapsed time between retrieval of samples on deck and freezing of individuals was 

approximately 5 minutes.  To establish which protists passed undigested through the guts of 

salps and doliolids, some individuals were incubated for approximately 4 hours in 5-gallon 

buckets of filtered seawater.  At the end of the incubation, the fecal pellets produced by the 

zooplankton were collected and both the individuals and pellets were immediately frozen (-

80°C).  A summary of the individuals analyzed per species is presented in Table 1.  Additionally, 

280 ml samples were collected from the mixed layer in summer 2014 and from the mixed layer, 

base of the euphotic zone, and 150 m in spring 2016 to analyze the potential prey available in the 

water column.  These samples were filtered through 25-mm diameter 0.2-µm Supor membrane 

filters (Pall Corporation), placed in 2-ml cryogenic vials, flash-frozen in liquid nitrogen, and 

stored at -80°C.   
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Library construction and sequencing 

Sample preparation for DNA extraction consisted of three steps. First, the guts of salps 

and doliolids were dissected using sterilized forceps and blades (ethanol-flamed). Second, the 

dissected guts were transferred to 1.5-ml tubes and ground with sterilized micro-pellet pestles. 

Finally, a portion of the homogenized guts was transferred to a new 1.5-ml tube.  DNA was 

extracted with the DNeasy Blood & Tissue Kit (Qiagen) for zooplankton samples (gut 

subsamples and fecal pellets) and the NucleoMag 96 Plant kit (Macherey Nagel) for water 

column samples.  For both kits, the manufacturer’s instructions were followed.  DNA was eluted 

to 100 µl for zooplankton samples and to 50 µl for the water column.  The extracted DNA was 

stored at -80°C until amplification, typically within 1-5 days.   

The eukaryotic communities in the water-column samples and in the guts and fecal 

pellets of analyzed animals were characterized by polymerase chain reaction (PCR) by 

amplifying the V9 region of the18S rDNA gene using primers 1389F (TTGTACACACCGCCC) 

and 1510R (CCTTCYGCAGGTTCACCTAC).  Primers contained Illumina adaptors, a linker, 

and barcoded indices.  Amplification was done using the Q5 high-fidelity PCR kit in a 25-µl 

reaction volume.  The PCR thermal protocol consisted of an initial denaturation of 30 s at 98°C, 

30 amplification cycles of 10 s at 98°C, 30 s at 56°C, and 30 s at 72°C, followed by a final 

extension of 2 min at 72°C, and held at 4°C until collection.  The band size of the amplicons was 

visualized on a 1% agarose gel.  PCR products were purified using Agencourt AMPure Beads 

XP and the concentration was quantified using PicoGreen dsDNA Quantitation Reagent.   

A total of 88 purified PCR products were pooled for sequencing as follows: Salpa aspera 

(guts = 16, pellets = 10), Cyclosalpa affinis (guts = 12, pellets = 5), Pegea socia (guts = 14, 

pellets = 4), Doliolum denticulatum (guts = 12, pellets = 2), and water column (n = 13) (Table 1).  
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The PCR products were pooled in equimolar amounts (~ 10 ng µl-1) in 1.5 ml Eppendorf tubes 

and were sequenced using a dual-barcode index on an Illumina MiSeq platform at the Institute 

for Genomic Medicine (IGM, University of California, San Diego).   

Bioinformatic analyses 

Initial quality control of the raw sequence reads was carried out using a workflow written 

by John P. McCrow (https://github.com/allenlab/rRNA_pipeline) that filtered the sequence reads, 

clustered Operational Taxonomic Units (OTU), and classified the OTUs according to taxonomy 

associated with the SSU-rRNA. Briefly, paired-end reads were aligned using PEAR (Zhang et 

al., 2014) and quality trimmed to Phred score 30 (Q30 minimum average in sliding window of 

size 2 bp).  Possible chimeras were found and filtered using USEARCH (Edgar 2010).  

Amplicons were clustered using SWARM into OTUs (Mahé et al., 2014), and taxonomic 

assignments were made using the best hit from GLSEARCH36 (Pearson, 2016) with the PR2 

reference database and taxonomic updates from the Tara Oceans-W2 (de Vargas et al., 2015).   

The initial filtered OTU table was processed further before statistical analyses.  

Additional quality control was carried out following these steps: 1) sequence reads assigned to 

non-eukaryote taxa (archaeal, bacterial, organelle, and unassigned) and OTUs with only 1 

sequence read in the entire data set (singletons) were removed; 2) OTUs that were assigned to 

the same species but occurred multiple times in the OTU table were merged (merged over-split 

OTUs); 3) OTUs assigned only to supergroup level (e.g., Opisthokonta_X, Stramenopiles_X), 

Class Streptophyta (land plants), or fungi (potential contamination) were removed.  This final 

OTU table was used for characterizing the protists communities in guts and fecal pellets of salps 

and doliolids.   
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Synechococcus sequence analysis and classification 

Because pelagic tunicates might be an important export mechanism for 

picophytoplankton, particularly cyanobacteria (e.g., Pfannkuche and Lochte, 1993), we also 

evaluated the occurrence of Synechococcus strains in their fecal pellets by sequencing the 16S-

23S rRNA internal transcribed spacer (ITS1F - CTTGGTCATTTAGAGGAAGTAA, ITS4R - 

TCCTCCGCTTATTGATATGC).  The relative abundances of Synechococcus strains were 

evaluated for Pegea socia and Doliolum denticulatum, with six gut and two fecal pellet DNA 

samples from each species.  Amplification, sequencing, and bioinformatics processing, including 

de-noising, chimera detection, and OTU clustering, of Synechococcus sequences, was carried out 

at RTL Genomics (Lubbock, Texas).  The OTUs were assigned at a 97% cutoff, and OTU 

classification was carried out using MOTHUR (Schloss et al., 2009) and a Synechococcus ITS 

database from Choi et al. (2014).  OTUs assigned to the same strain were merged.  

Data analyses 

We characterized the protists in the tunicate guts and fecal pellets by calculating the 

frequency of occurrence of each protist per sample type.  We then evaluated the differences in 

protists detected among salp and doliolid species using multivariate analyses based on the Bray-

Curtis dissimilarity index.  Prior to analysis, sequence reads were merged by genus or lowest 

taxonomic level assigned.  Because most sequences were ascribed to apicomplexan and 

syndiniales, both alveolate parasites, these were removed from the dataset.  The remaining 

protists contributing >1% to the relative abundances in any sample were selected for analyses.  

For this subset of protists, the relative abundances per sample were recalculated and square-root 

transformed to minimize the impact of the most abundant taxa.  Cluster significance was 

established by similarity profile analysis (SIMPROF), and protists differentiating the clusters 
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were identified by similarity percentage analysis (SIMPER).  Multivariate analyses were done in 

R using the packages ‘vegan’ (Oksanen et al., 2017) and ‘clustsig’ (Whitaker and Christman, 

2015). 

 

Results 

Sequence analyses 

The contribution of protistan sequences to total eukaryotes varied considerably within 

and between species of salps and doliolids, averaging 38% overall.  Protist sequences ranged 

from 0.3 to 82% in Salpa aspera (mean = 30%, Figure 2), from 2.6 to 99% in Cyclosalpa affinis 

(mean = 59%, Figure 2), from 0.1 to 86% in Pegea socia (mean = 27%, Figure 3), and from 0.7 

to 96% in Doliolum denticulatum (mean = 42%, Figure 3).  In most samples, the sequences were 

dominated by metazoans and mainly corresponded to either the genus of tunicate analyzed or to 

calanoid copepods (Figures 2 and 3).  In the water column, contributions from protistan 

sequences averaged 67% in summer 2014 (range = 6–98%) and 66% in spring 2016 (range = 33–

87%).  The broad range in the percentage contribution of protist sequences in summer 2014 was 

due to the dominance of copepod sequences in the mixed layer sample (93%) collected during 

Cycle 1 of that cruise.  In summer 2014, two salp fecal pellets were collected from sediment 

traps deployed at 150 m in cycles 2 and 3 and analyzed.  In these two samples, protistan 

sequences averaged 73% of total eukaryotes.   

Rarefaction curves were constructed to determine if the number of sequence reads were 

sufficient to characterize the diversity of protists detected in guts and fecal pellets (Figure 4).  In 
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general, the curves of merged-species versus number of sequence reads did not reach an 

asymptote for any of the samples, indicating that only a fraction of the potential protist diversity 

was characterized.  A total of 207 protist genera (or lowest taxonomic level assigned) were 

identified from metabarcoding analysis in the four tunicate species.  The highest number of 

genera was detected from S. aspera (150 total) and the lowest from P. socia (91 total, Table 2).  

Most protist genera were common among the four species (Table 2).   

General patterns of protists detected in four species of pelagic tunicates 

Alveolate sequences dominated in the guts and fecal pellets of all four tunicate species 

(Figure 5).  This group was also dominant in most water-column samples, except for the mixed 

layer in Cycle 2 during summer 2014 and Cycle 3 during spring 2016, where chlorophytes 

(Archaeplastida) were the dominant group.  Although they had much lower contributions, 

chlorophytes and stramenopiles in S. aspera and stramenopiles in P. socia were also important 

components of the protists detected (Figure 5).  In Cycle 2, alveolates and chlorophytes had 

similar relative abundances in the fecal pellets analyzed from sediment traps, whereas the pellets 

collected from Cycle 3 were dominated by alveolates (Figure 5).  

A closer look at the protistan composition revealed that alveolate dominance was mainly 

due to the high relative abundances of apicomplexans and syndiniales, which represented in most 

cases between 40% to 60% of the reads (Figures 6-10).  These two protistan groups also 

occurred frequently in the four tunicate species (Tables 3-6).  Sequences of apicomplexans were 

assigned mainly to Cephaloidophoroidea, whereas sequences of syndiniales were generally 

MALV-I clade 1 and MALV-I clade 4.  For S. aspera and C. affinis, relative abundances of 

syndiniales were slightly higher or comparable to those of apicomplexans (Figures 6 and 7).  In 

contrast, for P. socia and D. denticulatum, apicomplexan reads were generally more abundant 
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than those of syndiniales (Figures 9-10).  Apicomplexans also dominated protistan reads in the 

salp fecal pellets collected from sediment traps during summer 2014 in Cycle 3 (Figure 8).  High 

frequencies were also detected in protists assigned to the prasinophyte Prasino-Clade-7B1 for S. 

aspera (Table 3), the dinoflagellate Gonyaulax and the stramenopiles MAST-1C and MOCH-3 

for P. socia (Table 5), and the dinoflagellates Lepidodinium, Pelagodinium, Scrippsiella, and an 

uncultured taxon for D. denticulatum (Table 6).  In the case of C. affinis, several protists (i.e., 

dinoflagellates, prymnesiophytes, and stramenopiles) were detected in all samples analyzed, and 

gave the highest frequencies of occurrence (Table 4).  Because apicomplexans and syndiniales 

are known parasites of protists and invertebrates, these were omitted from subsequent analyses.   

Protists detected in guts and fecal pellets of pelagic tunicates 

Evaluated by hierarchical cluster-SIMPROF analyses, the compositions and relative 

abundances of protists detected in the four tunicate species were significantly different than the 

protistan assemblages in the water column (Figures 11 and 12).  Consequently, we focused our 

analysis on the clusters corresponding to protists detected in the tunicates only, which show, in 

general, that the prey varied among species and that differences were also evident among 

sampling locations (Figure 11).  Likewise, SIMPER analysis suggests that the differences were 

largely due to subtle changes in protistan community composition or relative abundances, rather 

than abrupt changes in the types of prey detected (Figure 12).  

Salpa aspera and Cyclosalpa affinis 

 In S. aspera fecal pellets from Cycle 1 (summer 2014), the highest relative abundances 

were for sequences assigned to the dinoflagellates Alexandrium, Karlodinium, Protoperidinium, 

and an uncultured species, the prasinophyte Prasino-Clade-7B1, and the diatom Thalassiosira 

(Group 10, Figures 11 and 12).  These samples clustered closed to fecal pellets from the same 
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species in Cycle 2 of the same year, where Alexandrium dominated, with lower contributions of 

an uncultured dinoflagellate, Prasino-Clade-7B1, and Thalassiosira (Group 11).  Although 

samples of S. aspera guts from Cycle 1 did not cluster together or with other samples, the 

sequences detected in one of the samples was most similar to those in fecal pellets of this same 

species from Cycles 1 and 2 (Groups 10 and 11).  Guts of S. aspera in this sample had high 

contributions of the dinoflagellates Karlodinium, Alexandrium, and Blastodinium, as well as 

Prasino-Clade-7B1 (Figures 11 and 12).  

Where S. aspera and C. affinis co-occurred in 2104 Cycle 3, prey of the two species were 

significantly different in their gut composition, but not in their fecal pellets.  However, the gut 

compositions of these two species in Cycle 3 were more similar than those for other samples of 

the same species from Cycles 1, 2, 4 and 5 (Figures 11 and 12).  In the guts of S. aspera (Cycle 

3), the prey sequences were dominated by Karlodinium, with important contributions by 

Blastodinium, an uncultured dinoflagellate, Prasino-Clade-7B1, and the stramenopiles MAST-1C 

and Pelagomonas (Group 14).  In the guts of C. affinis, both Karlodinium and Blastodinium had 

high relative abundances, but Prasino-Clade-7B1 and Pelagomonas had lower contributions 

(Group 13).  In the salp fecal pellets from Cycle 3, mainly from S. aspera, most sequences were 

assigned to the prasinophyte Prasino-Clade-7B1, followed by Karlodinium, Alexandrium, and 

the uncultured dinoflagellate (Group 15).   

At the two offshore sampling locations in 2014 (Cycles 4 and 5), relative prey 

abundances for C. affinis were similar among guts (Group 17) and fecal pellets (Group 18).  

Dinoflagellates were the main components in both guts and pellets and significant differences 

between the two were mainly due to differences in the relative abundances of dinoflagellate 

genera.  In C. affinis guts, abundances of Blastodinium, an uncultured dinoflagellate, and 
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Karlodinium were similar, with minor contributions from Scrippsiella (Group 17).  The fecal 

pellets were dominated by Blastodinium, an uncultured dinoflagellate, Karlodinium, with a 

minor contribution from the prymnesiophyte Emiliania (Group 18, Figures 11 and 12).   

Doliolum denticulatum and Pegea socia 

Samples from the guts of D. denticulatum collected offshore (Cycle 2) in spring 2016 

(Group 19, Figures 11 and 12) clustered closest to the offshore 2014 samples from C. affinis 

(Groups 17 and 18).  The highest sequence abundances in Group 19 from D. denticulatum guts 

were assigned to Karlodinium, an uncultured dinoflagellate, and MAST-1C stramenopiles.  

Protist assemblages from the mixed layer and euphotic zone base at the offshore site in spring 

2016 (Group 4), containing high relative abundances of Karlodinium and an uncultured species, 

were also more similar to those from the mixed layer at the offshore sites in summer 2014 

(Group 3).  In contrast, guts and fecal pellets of D. denticulatum and P. socia collected in Cycle 

3 (summer 2016) clustered in totally separate groups (Groups 20-25) than the guts of D. 

denticulatum in Cycle 2 (summer 2016) (Group 19, Figures 11 and 12).  In guts and fecal pellets 

of D. denticulatum (Cycle 3 summer 2016), sequences assigned to Scrippsiella had the highest 

relative abundances, followed by Pelagodinium and MAST-1C and MOCH-3 stramenopiles in 

the guts (Group 20), and by Pelagodinium, Karlodinium, an uncultured dinoflagellate, and the 

ciliate Tokophrya in the pellets (Group 22).   

Protists detected in P. socia varied among individuals, which could be a result of the 

analysis of single guts for this large salp species instead of multiple guts as with the doliolid.  In 

the cluster where more samples of P. socia were grouped together, the sequences were 

dominated by MAST-1C, with minor contributions of Scrippsiella (Group 25).  In the other 

group for P. socia guts, MOCH-3 had the highest relative abundances, followed by 
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Blastodinium, Scrippsiella, and an uncultured dinoflagellate (Group 23).  In the pellets of P. 

socia, most sequences were assigned to an unidentified diatom (Bacillariophyceae_X), followed 

by MOCH-3, Scrippsiella, and an uncultured dinoflagellate (Group 24, Figures 11 and 12).   

Salp fecal pellets analyzed from sediment traps 

Protistan composition in the two salp fecal pellets collected in sediment traps from 

Cycles 2 and 3 during summer 2014 were similar to each other and to the mixed layer of Cycle 2 

(Groups 7 and 8, Figures 11 and 12).  In these samples, protist sequences were dominated by the 

prasinophyte Prasino-Clade-7B1.   

Synechococcus strains 

Nine Synechocococcus strains were detected in the guts and fecal pellets of P. socia and 

D. denticulatum (Figure 13).  In both species, sequences assigned to clade I dominated in guts 

and fecal pellets, followed by clade IV and clade XXX_GLB64471.  Compared to the water 

column, the relative abundances of Synechococcus strains in P. socia and D. denticulatum were 

more similar to the deep euphotic zone and 150 m than to the mixed layer, where sequences were 

dominated by clade IV (Figure 13).  

 

Discussion 

The dense blooms of salps and doliolids that occurred in the California Current System 

(CCS) during the anomalously warm years of 2014-2016 provided an opportunity to characterize 

the protistan assemblages ingested, egested and exported by three species of salps, Salpa aspera, 

Cyclosalpa affinis, and Pegea socia¸ and one doliolid, Doliolum denticulatum.  Although we 

focus here on the protistan components of diet, the sequences in most samples were dominated 
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by metazoans, mainly copepods and tunicates, some of which may have been due to incidental 

engulfment in the net cod ends during collection.  We note, however, that copepod remains have 

been observed in salp fecal pellets collected in situ by scuba divers (Madin, 1974), indicating 

that they could be a normal part of tunicate diets.  That would certainly be the case for smaller 

and easily captured stages, such as nauplii and eggs.  The overwhelming dominance of tunicate 

sequences in some individuals may also indicate animals that were not feeding at the time of 

collection, as has been observed previously for migrating salps in the subarctic Pacific, which 

come to surface waters at night to reproduce (Purcell and Madin, 1991).  Parasitism, prey 

digestibility, and matching the stomach contents of animals to the depth strata where they feed 

emerge as key issues for interpreting measurements of relative sequence abundances in terms of 

feeding preferences and export contributions. 

Major groups of protistan parasites 

Using metabarcoding techniques, we detected 207 genera of protists in the guts and fecal 

pellets of the four pelagic tunicates analyzed, covering a wide range of taxa.  Compared to 

previous microscopy and pigment analyses, in which only major categories of microbes were 

identified, these results considerably expand characterizations of dietary breadth for salps and 

doliolids (e.g., Madin, 1974; Silver and Bruland, 1981; Ahmad Ishak et al., 2017).  Nonetheless, 

rarefaction curves indicate that only a fraction of the diversity of protists ingested and egested 

was detected.  Alveolates were the dominant group in the guts and fecal pellets of the four 

species, mainly due to the high relative abundances of sequences assigned to the apicomplexan 

Cephaloidophoroidea and syndiniales.  Cephaloidophoroidea are poorly known gregarines that 

parasitize the intestines of crustaceans, including copepods (Rueckert et al., 2011), and 

syndiniales parasitize invertebrates and protists (Guillou et al., 2008).  If these parasites were 
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inside prey ingested naturally rather than incidentally during net tows, then pelagic tunicates 

could represent an important mechanism for exporting parasites efficiently out of the euphotic 

zone, and potentially to infection of coprophagous zooplankton in the underlying mesopelagic 

environment.  It is also possible that the apicomplexans were parasites of the tunicates 

themselves, as has been documented by microscopical observations of large gregarines (range: 

116–200 µm) in the guts of Salpa thompsoni in the Southern Ocean (Wallis et al., 2017), and 

also in Salpa aspera and S. maxima (Clopton, 2002).  The effects of such parasites on the 

physiologies and ecologies of salps are unknown, but their presence could have important 

implications for food-web interactions and net carbon transfers when tunicate blooms occur. 

Although we removed sequences of apicomplexans and syndiniales for subsequent 

analysis because they are not considered prey ingested by the tunicates, we did include 

sequences of Blastodinium, a dinoflagellate parasite with high relative abundances in C. affinis 

(Figure 7).  Blastodinium spp. are known to infect the guts of copepods, but their dinospores, 

resembling small thecate dinoflagellates (5–18 µm), can be abundant in the water column 

(Alves-de-Souza et al., 2011).  In the present study, they were relatively rare in water-column 

samples, substantially enriched in tunicate guts and declining in pellets (Figures 6-7), indicating 

their presence mainly as gut parasites. 

General patterns within and among tunicate species   

Based on microscopy, pigment, and stable isotope analyses, the diet of pelagic tunicates 

is expected to reflect the relative proportions of the protists available in the water column 

(Madin, 1974; Silver and Bruland, 1981; Alldredge and Madin, 1982; Vargas and Madin, 2004; 

Ahmad Ishak et al., 2017).  However, our metabarcoding results show significant differences 

among protistan assemblages in the water column and in the tunicate guts and fecal pellets.  This 
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result could be influenced by the vertical resolution of the samples collected (i.e., only mixed-

layer samples in 2014), with the tunicates potentially feeding in different depth strata.  Even with 

samples of the natural prey assemblages at three depth strata in 2016 Cycle 3, it is difficult to 

explain the high incidence of Scrippsiella, Gonyaulax, MAST-1C and MOCH-3 stramenopiles in 

the guts and pellets of P. socia and D. denticulatum, when none are abundant in any of the water 

samples (Figures 9 and 10).  In addition, since metabarcoding characterizes prey taxa in more 

detail than methods formerly employed, it is more sensitive to resolving differences that have 

previously escaped detection.  In the present study, we ascribe those differences mainly to 

variations in the relative abundances of a few protistan genera.   

Consistent with the results of Metfies et al. (2014), who analyzed gut contents of the 

salps Salpa thompsoni and Ihlea racovitzai by metabarcoding, we found significant differences 

in protistan prey compositions among animals sampled at different locations.  This was expected 

for the spatially variable CCS where significant differences in situ protistan assemblages are well 

documented by microscopical (e.g., Venrick, 2002; Taylor et al., 2015) and metagenomic 

methods (e.g., Allen et al., 2012; this study).  Likewise, in agreement with Metfies et al. (2014), 

we found that the gut contents of co-occurring tunicate species (S. aspera and C. affinis in 

summer 2014 Cycle 3; P. socia and D. denticulatum in spring 2016 Cycle 3) were statistically 

different, even though in S. aspera and C. affinis gut contents showed some striking similarities.  

For example, both S. aspera and C. affinis showed similar relative abundances of Karlodinium, 

Clade 7B1 prasinophytes, and Pelagomonas in their guts, but in their pellets, the contributions of 

these same taxa decreased (Karlodinium and Pelagomonas) or increased (Clade 7B1 

prasinophytes).  Gut contents in P. socia and D. denticulatum presented a similar composition, 

but differences in relative abundances were more evident, with high dominance of Scrippsiella in 
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D. denticulatum and high dominance of MAST-1C in P. socia.  Consequently, we did not find 

abrupt changes in protistan dietary compositions as reported Metfies et al. (2014), but rather, 

shifts in relative abundances.  Recent results from Ahmad Ishak et al. (2017) have also shown 

minor differences in the compositions and size ranges of the protists ingested by co-occurring 

salp species, Salpa fusiformis and Thalia democratica.  

One remarkable result comparing the two cruises in our study is the similarity in gut 

contents of D. denticulatum collected offshore in spring 2016 (Cycle 2) and those of C. affinis 

collected offshore in summer 2014 (Cycles 4 and 5).  This similarity occurred despite the two-

year difference, the different seasons, the substantial size difference between species (C. affinis 

are much larger than D. denticulatum), and the different feeding behaviors of salps and doliolids 

(i.e., continuous pumping of water by muscular movement in comparison with stationary feeding 

by cilia generated flow; Alldredge and Madin, 1982).  In the CCS, Taylor et al. (2015) have 

documented little interannual variability in the proportional contribution of the major groups of 

microbes to total biomass in offshore waters, compared to the substantial variability in the 

inshore CCS.  Our mixed-layer samples, with offshore microbial assemblages in summer 2014 

(Cycles 4 and 5) similar to offshore assemblages in spring 2016 (Cycle 2), also reflect low 

interannual variability within the long period of anomalously warm conditions from 2014 to 

2016.  However, mixed-layer communities at inshore locations (Cycles 1-3 in summer 2014 and 

Cycle 3 in spring 2016) were very different.  While C. affinis and D. denticulatum appear to feed 

similarly on offshore protistan assemblages, these species may still have differential impacts on 

carbon cycling and export due to differences in their filtration rates, which are higher for larger 

individuals (Vargas and Madin, 2004), and in the size and density of their fecal pellets, which are 

denser in salps than doliolids (Bruland and Silver, 1981).  
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Potential implications for protistan export 

In considering the implications of our results for export, we assume that DNA sequences 

that are enhanced in tunicate guts and fecal pellets relative to their water-column abundances are 

associated with prey that contribute disproportionately to export.  This is true to the extent that 

the recognizable prey DNA in tunicates is from cells that are less degraded by digestion, or that 

pass through the gut intact (Silver and Bruland, 1981; Fowler and Fisher, 1983; Koster et al., 

2011).  It does not mean, however, that contributions to carbon export are proportional to the 

prey DNA in fecal pellets, since, given the canonical assimilation efficiency of 70% (Madin and 

Purcell, 1992; Bochdansky et al., 1999), a substantial fraction (30%) of all ingested prey carbon 

will be passed to feces even in the absence of a DNA signature.  Thus, fully digested prey that 

leave no DNA evidence could well dominate export if they are consumed in high enough 

quantities.   

Dinoflagellates generally dominated the guts and fecal pellets of the four tunicate species 

in the present study, consistent with the high relative abundances of sequences assigned to this 

group in most water column samples.  Metfies et al. (2014) found similar results for salps from 

the Lazarev Sea, but those analyses were dominated by uncultured dinoflagellate species, 

whereas our sequences were more readily ascribed to known groups.  Although dinoflagellate 

sequences are likely over-represented due to their high copy number of 18S rDNA genes, 

microscopical analyses have shown that they represent an important, and often dominant, part of 

total microbial biomass in the CCS (Taylor et al., 2015).  Silver and Bruland (1981) also 

documented by transmission electron microscopy that thecate dinoflagellates remained typically 

intact in salp fecal pellets compared to coccolithophores and diatoms.   
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Of the dinoflagellates detected, sequences assigned to Alexandrium had the highest 

relative abundances in the guts and fecal pellets of S. aspera and were particularly enriched in 

fecal pellets in summer 2014 Cycle 2 (inshore).  Alexandrium species are associated with 

harmful algal blooms, and salps containing Alexandrium cells have been linked to fish mortality 

(Mianzan et al., 1997).  Thus, the importance of Alexandrium in the guts and fecal pellets of S. 

aspera could have implications for the accumulation and transfer of toxins to higher trophic 

levels.  Sequences assigned to Karlodinium, another harmful bloom dinoflagellate, were also 

abundant in the guts and fecal pellets of S. aspera, C. affinis, and D. denticulatum (mainly in 

spring 2016 Cycle 2).  However, relative abundances of Karlodinium were typically higher in the 

guts rather than the fecal pellets, suggesting that these non-thecate dinoflagellates may have been 

less resistant to digestion, and thus, less efficiently exported compared to Scrippsiella, which had 

high relative sequence abundances in the guts and fecal pellets of P. socia and, in particular, D. 

denticulatum (spring 2016 Cycle 3).  Cell abundances of Scrippsiella tend to be higher in the 

CCS during early stages of upwelling or relaxation events (Du et al., 2015).  D. denticulatu also 

contained Pelagodinium, a symbiotic dinoflagellate of foraminiferans and rhizarians that can also 

be found as free-living cells (Decelle et al., 2012).  Similar relative abundances of Pelagodinium 

in the guts and fecal pellets of D. denticulatum (spring 2016 Cycle 3) suggest that they were 

secondarily ingested and poorly digested by the doliolids.  

Consistent with microscopic analyses (e.g., Madin, 1974; Silver and Bruland, 1981), our 

results indicate that salps can be an important export mechanism for tiny cells.  This was 

particularly evident in the analysis of salp fecal pellets collected in sediment traps during 

summer 2014, where relative abundances were dominated by environmental sequences assigned 

to the picoeukaryote Prasino-Clade-7B1 (Figure 8).  For Cycle 3, the fecal pellets produced by 



 

100 
 

incubating freshly collected S. aspera and C. affinis in filtered water both showed relative 

abundances of Prasino-Clade-7B1 higher or similar to the mixed layer.  For Cycle 2, however, 

prasinophyte sequences were dominant in the mixed layer in Cycle 2, but not in the fecal pellets 

of S. aspera, suggesting that they were not feeding in the mixed layer at the time of collection. 

While S. aspera and C. affinis both clearly grazed and exported small prasinophytes in 

2014, there is little evidence of P. socia and D. denticulatum having comparable impacts on the 

picoeukaryote Ostreococcus, which was very abundant in the mixed layer in spring 2016 Cycle 

3.  The absence of Ostreococcus sequences in the guts and fecal pellets of these two species 

suggests that they could have been too small to be efficiently grazed or too rapidly and 

completely digested to be measured as gut DNA.  It is also possible that the tunicates collected 

for analyses were feeding out of the mixed layer at the time they were captured, although this is 

an unlikely explanation for the absence of Ostreococcus in sediment trap material over multi-day 

deployments during Cycle 3 (Valencia et al., in prep.).  Compared to Ostreococcus, the 

heterotrophic stramenopiles MAST-1C (Figures 9 and 10) and MOCH-3 (Figure 10) show 

evidence of significant feeding (high relative abundances in guts) by D. denticulatum and P. 

socia, followed by rapid digestion (minor contributions in fecal pellets).  Thalassiosira, with 

known digestion resistant species (Fowler and Fisher, 1983), and an unidentified diatom 

(Bacillariophyceae_X) were, respectively, disproportionately important in the guts of S. aspera 

in summer 2014 Cycles 1 and 2 (Figure 6) and in the fecal pellets of P. socia in spring 2016 

(Figure 9), while making relatively minor contributions to the water-column communities for 

those cycles.  Karlodinium generally declined in relative abundance from guts to fecal pellets for 

S. aspera and C. affinis, while prasinophyte clade 7B1 increased in relative abundance in fecal 

pellets for both species (Figures 6 and 7).  These different patterns highlight the fact that even 



 

101 
 

among consumers that are thought to be relatively indiscriminate grazers in pelagic ecosystems, 

it is difficult to separate dietary selectivity from digestion resistance differences.  

Synechococcus strains 

Although the size range of prey ingested by the tunicate species in this study mainly 

includes nano- and micro-sized plankton, cells in the pico-size range, including cyanobacteria, 

can also be trapped in their mucous feeding nets (Katechakis et al., 2004; Sutherland et al., 

2010).  Pfannkuche and Lochte (1993) have shown, for example, from microscopical analyses 

that picocyanobacteria can be transferred to deep-sea sediments in salp fecal pellets.  Here, we 

document for the first time that Synechococcus in the guts and fecal pellets of salps (P. socia) 

and doliolids (D. denticulatum) are mainly a single strain in clade I, although some contributions 

of clades IV and XXX GLB64471 were also found.  Clades I and IV are the dominant 

Synechococcus strains in the water column in upwelling regions of the northeast (Sohm et al., 

2016) and southeast Pacific (Zwirglmaier et al., 2008), and they were the dominant strains in the 

water column of our samples.  The similarity of Synechococcus strains in tunicate guts and fecal 

pellets to the relative abundances of strains in the deep euphotic zone and at 150 m, rather than 

the mixed layer (Figure 13), could have two explanations.  While it could indicate that feeding 

was mainly occurring in the lower euphotic zone, analyses of protistan prey in the same animals 

offer no evidence to support that hypothesis (Figures 9 and 10).  It is therefore more likely that 

viable Synechococcus cells, enriched in clade I, were transferred from the mixed layer to the 

deeper waters via the sinking and disintegration of tunicate fecal pellets.  This implies that the 

dominance of clade I in guts and fecal pellets of the two tunicate species was due to a higher 

digestion resistance (Zwirglmaier et al., 2009).  Regardless, our results indicate that strain-level 
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differences operating through trophic intermediaries can be important when considering the 

water-column distributions of Synechococcus strains and their contributions to microbial export. 

 

Conclusions 

Salps and doliolids are among the least discriminate, pure filter-feeders in pelagic 

ecosystems.  Different species are consequently expected to function similarly in removing 

microbes from the water column and packaging them for export in their fast-sinking fecal pellets, 

more-or-less in proportion to the relative abundances of microbes in the environment.  The 

unusual occurrence of bloom concentrations of four species in the CCS during anomalous warm 

water conditions in 2014-2016 provided an opportunity to evaluate and compare species relative 

to this expectation for a broad range of prey, using metabarcoding analyses.  Differences were 

detected in the protistan prey composition of individuals of the same species collected at 

different locations, between guts and fecal pellets, and between species that co-occurred at the 

same sampling location.  While these differences largely reflected variations in relative prey 

sequence abundances, they were complicated by the unexplained presence of prey in stomachs 

that did not appear in mixed-layer assemblages, and by presumptive taxon-specific differences 

digestion resistance, which cause Prasino-Clade-7B1, Alexandrium, Synechococcus clade I, and 

unidentified diatom (Bacillariophyceae_X), among others, to be relatively enhanced in tunicate 

guts and fecal pellets and presumably exported more efficiently from the euphotic zone.  Our 

results also document that sequences assigned to gregarine apicomplexans are common in 

tunicate species, suggesting that parasitism could have a significant impact on pelagic food-webs 

during bloom events.  Overall, these results highlight the fact that neither direct observations of 
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feeding selectivity alone nor dietary analysis by molecular methods are sufficient for 

understanding how variability in microbial assemblages affects export in zooplankton fecal 

pellets, which rather appear to depend on a complex interplay of prey and consumer 

characteristics that operate postcapture and during digestive processing and pellet transport. 
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Table 3.1.  Samples analyzed for each species of salp and doliolid.  Type: individuals collected directly from 
zooplankton tows (F), incubated in filtered sea water (I), or fecal pellets from incubated individuals (P).  So: Solitary 
individuals, Ag: aggregates.  n: number of individuals combined for metabarcoding analyses.   

P1408 - Salpa aspera   P1408 - Cyclosalpa affinis   

Cycle 
Date 

sampled 
Type n  Cycle 

Date 
sampled 

Type n 

1 13.08.2014 I – Ag 2  3 24.08.2014 F – Ag 1 

  I – Ag 2    F – Ag 1 

  I – Ag 2  3 24.08.2014 I – So  1 

  I – Ag 2    I – So 1 
1 14.08.2014 P   3 25.08.2014 P  
  P     P  
  P   4 26.08.2014 F – So 1 

1 14.08.2014 F – Ag 1    F – So 1 

  F – Ag 1  4 28.08.2014 I – Ag 1 
2 19.08.2014 I – Ag 1    I – Ag 1 

  I – Ag 1    I – Ag 1 

  I – Ag 1  4 28.08.2014 P  
2 19.08.2014 P     P  
  P   5 30.08.2014 I – So 1 

  P   5 31.08.2014 P  
3 23.08.2014 F – Ag 1  5 31.08.2014 F – So 1 
  F – Ag 1    F – So 1 
  F – Ag 1      

  F – Ag 1      
  F – So 1      

3 24.08.2014 I – Ag 1      
  I – Ag 2      

3 25.08.2014 P       
  P       
  P       
  P       
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Table 3.1.  Samples analyzed for each species of salp and doliolid.  Continued 

P1604 - Doliolum denticulatum   P1604 - Pegea socia 
Cycle Date sampled Type n  Cycle Date sampled Type n 

2 01.05.2016 F 5  3 03.05.2016 F – Ag 1 

  F 5    F – Ag 1 

  F 5    F – Ag 1 
3 04.05.2016 F 5    F – Ag 1 

  F 5    F – Ag 1 

  F 5    F – Ag 1 

  F 5    F – Ag 1 

  F 5    F – Ag 1 

  F 5  3 03.05.2016 I – Ag 1 

  F 5    I – Ag 1 

  F 5    I – Ag 1 

  F 5    I – Ag 1 
3 05.05.2016 P     I – Ag 1 

  P     I – Ag 1 

     3 03.05.2016 P  
       P  
       P  
       P  
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Table 3.2.  Summary of the number of protist genera (or lowest taxonomic level assigned) from metabarcoding 
analyses of the guts and fecal pellets of salps and doliolids.   

  Salpa aspera Cyclosalpa affinis Pegea socia Doliolum denticulatum 
  (Sal.asp)  (Cyc.aff) (Peg.soc) (Dol.den) 
Total 150 134 91 113 
Unique 26 20 9 15 

     

Shared 

  Sal.asp - Cyc.aff Sal.asp - Peg.soc Sal.asp - Dol.den 

 104 75 84 

  Cyc.aff - Peg.soc Cyc.aff - Dol.den 

  60 79 

   Peg.soc - Dol.den 
      71 
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Table 3.3.  Frequency of occurrence of protists in the guts and fecal pellets of Salpa aspera in summer 2014.  Only 
genera or lowest taxonomic level assigned with frequencies >60% are listed.   

Protist Guts Pellets   Protist Guts Pellets 
Alveolata - Dinophyceae    Chlorophyta    
Alexandrium 56 90  Picocystis 62 50 
Azadinium 50 80  Prasino-Clade-7A1 69 100 
Biecheleria 69 100  Prasino-Clade-7B1 100 100 
Blastodinium 75 100  Prasino-Clade-7B2 50 70 
Uncultured 75 100  Rhizaria   
Fragilidium 12 80  Protaspa 50 80 
Gonyaulax 31 70  Spumellaria 56 90 
Heterocapsa 62 100  Stramenopila   
Karlodinium 69 100  MAST-1C 56 90 
Lepidodinium 56 80  MAST-9A 50 70 
Luciella 38 80  MOCH-3 62 80 
Paulsenella 19 70  MOCH-5 62 100 
Pelagodinium 69 100  Aplanochytrium 25 100 
Pfiesteriaceae 50 80  Pelagomonas 62 100 
Prorocentrum 62 100  Pelagophyceae 50 80 
Protodinium 50 90  Thraustochytriaceae 38 100 
Protoperidinium 56 80  Stramenopila - Bacillariophyceae 
Scrippsiella 69 90  Ardissonea 0 70 
Stoeckeria 62 100  Bacillariophyceae 62 100 
Alveolata - Syndiniales    Thalassiosira 44 90 
MALV-I-Clade-1 94 100     
MALV-I-Clade-2 50 80     
MALV-I-Clade-3 56 100     
MALV-I-Clade-4 81 100     
MALV-I 69 100     
MALV-II-Clade-10-and-11 50 80     
MALV-II-Clade-16 56 80     
MALV-II 31 70     
Alveolata - Apicomplexa       
Cephaloidophoroidea 88 100         
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Table 3.4.  Frequency of occurrence of protists in the guts and fecal pellets of Cyclosalpa affinis in summer 2014.  
Only genera or lowest taxonomic level assigned with frequencies >60% are listed.   

Protist Guts Pellets   Protist Guts Pellets 
Alveolata - Dinophyceae    Chlorophyta    
Alexandrium 67 60  Picocystis 92 80 
Azadinium 100 100  Prasino-Clade-7A1 100 100 
Biecheleria 100 100  Prasino-Clade-7B1 75 100 
Blastodinium 100 100  Prasino-Clade-7B2 100 100 
Uncultured 100 100  Prasino-Clade-9B2 83 40 
Fragilidium 25 80  Haptophyta   
Gonyaulax 75 80  Emiliania 17 80 
Gymnodinium 92 80  Rhizaria   
Karlodinium 100 100  Spumellaria 33 80 
Lepidodinium 100 100  Stramenopila   
Luciella 42 80  MAST-1C 83 40 
Pelagodinium 100 100  MAST-9A 58 80 
Pfiesteriaceae 33 100  MOCH-5 83 100 
Polarella 67 80  Aplanochytrium 33 80 
Prorocentrum 92 100  Aureococcus 67 20 
Protodinium 75 60  Pelagomonas 100 100 
Pyrocystis 17 80  Pelagophyceae 100 80 
Scrippsiella 92 100     
Alveolata - Syndiniales       
MALV-I-Clade-1 100 100     
MALV-I-Clade-3 92 80     
MALV-I-Clade-4 100 100     
MALV-I 100 100     
MALV-II-Clade-10-and-11 67 80     
MALV-II-Clade-23 67 60     
MALV-II 67 60     
Alveolata - Apicomplexa       
Cephaloidophoroidea 100 100         
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Table 3.5.  Frequency of occurrence of protists in the guts and fecal pellets of Pegea socia in spring 2016.  Only 
genera or lowest taxonomic level assigned with frequencies >60% are listed.   

Protist Guts Pellets   Protist Guts Pellets 
Alveolata - Dinophyceae    Chlorophyta    
Alexandrium 71 100  Ostreococcus 64 100 
Biecheleria 86 100  Nannochloris 57 75 
Blastodinium 86 100  Prasino-Clade-7A1 64 100 
Uncultured 93 100  Prasino-Clade-7B1 79 100 
Dinophysis 21 75  Haptophyta   
Gonyaulax 100 100  Emiliania 14 75 
Heterocapsa 71 100  Stramenopila   
Karlodinium 86 100  MAST-1C 100 100 
Lepidodinium 71 100  MOCH-3 100 100 
Paulsenella 7 75  Pelagomonas 64 75 
Pelagodinium 86 100  Stramenopila - Bacillariophyceae 
Prorocentrum 86 100  Actinocyclus 14 75 
Protodinium 93 100  Bacillariophyceae 43 100 
Pyrophacus 7 75  Fragilariopsis 0 100 
Scrippsiella 93 100  Minutocellus 21 100 
Symbiodinium 36 100  Navicula 0 75 
Alveolata - Syndiniales    Thalassiosira 86 100 
MALV-I-Clade-1 93 100     
MALV-I-Clade-2 71 50     
MALV-I-Clade-3 93 100     
MALV-I-Clade-4 93 100     
MALV-I 64 100     
MALV-II-Clade-10-and-11 50 100     
MALV-II-Clade-23 86 100     
MALV-III 57 75     
Alveolata - Apicomplexa       
Cephaloidophoroidea 100 100     
Vitrella 57 100         
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Table 3.6.  Frequency of occurrence of protists in the guts of Doliolum denticulatum in spring 2016.  Only genera or 
lowest taxonomic level assigned with frequencies > 60% are listed.   

Protist Guts   Protist Guts 
Alveolata - Dinophyceae   Chlorophyta   
Biecheleria 92  Ostreococcus 67 
Blastodinium 83  Nannochloris 83 
Uncultured 100  Prasino-Clade-7A1 92 
Gonyaulax 92  Prasino-Clade-7B1 83 
Heterocapsa 83  Stramenopila  
Karlodinium 92  MAST-1C 100 
Lepidodinium 100  MAST-3E 67 
Pelagodinium 100  MAST-9C 75 
Protodinium 75  MOCH-3 83 
Scrippsiella 100  Pelagomonas 75 
Symbiodinium 75  Stramenopila - Bacillariophyceae 
Alveolata - Syndiniales   Thalassiosira 75 
MALV-I-Clade-1 100    
MALV-I-Clade-3 83    
MALV-I-Clade-4 100    
MALV-I-Clade-7 75    
MALV-I 83    
MALV-II-Clade-23 83    
MALV-II-Clade-8 75    
Alveolata - Apicomplexa     
Cephaloidophoroidea 100       

 

 

  



 

112 
 

  

Figure 3.1.  Map showing the locations of the experimental cycles (C) conducted in the California Current System 
during summer 2014 (P1408) and spring 2016 (P1604).  Zooplankton samples were collected at each location.  
Prominent land feature in the figure is Point Conception, California. 
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 Salpa aspera   

Cycle 1 Cycle 2 Cycle 3 

   

 Cyclosalpa affinis  

Cycle 3 Cycle 4 Cycle 5 

Figure 3.2.  Proportion of sequence reads ascribed to protists and metazoans from guts (F: field collected, I: 
incubated in filtered seawater) and fecal pellets (P) of Salpa aspera and Cyclosalpa affinis in summer 2014.  
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Pegea socia – Cycle 3 

 

Doliolum denticulatum 

Cycle 2 

 

Cycle 3 

 

 

              

Figure 3.3.  Proportion of sequence reads ascribed to protists and metazoans from guts (F: field collected, I: 
incubated in filtered seawater) and fecal pellets (P) of Pegea socia and Doliolum denticulatum in spring 2016.  All 
individuals of P. socia were collected in Cycle 3. 
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Figure 3.4.  Rarefaction curves of protist OTUs identified in the guts and fecal pellets of salps and doliolids from 
metagenomic analysis.  Dotted lines correspond to samples from fecal pellets. 
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Doliolum denticulatum 

 

Figure 3.5.  Relative abundances of major groups of protists detected from metabarcoding (18S rRNA) in guts (G) 
and fecal pellets (P) of salps and doliolids.  Only data from individuals frozen immediately after collection are 
shown.  Fecal pellets were collected from individuals incubated in filtered seawater.  Cycle number (C) is indicated 
for each cruise; water-column samples are indicated as ML (mixed layer,) EZ (base of the euphotic zone) and DE 
(150 m).  Two salp fecal pellets collected in sediment traps during summer 2014 were also analyzed.   
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Figure 3.6.  Relative abundance of protist reads in the water column (ML: mixed layer), guts (F: field collected), 
and fecal pellets (P) of Salpa aspera during summer 2014.  a) All protists.  b) Omitting sequence reads of 
apicomplexa and syndiniales.  Only genera with relative abundances >5% are shown.    
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Figure 3.7.  Relative abundance of protist reads in the water column (ML: mixed layer), guts (F: field collected), 
and fecal pellets (P) of Cyclosalpa affinis during summer 2014.  a) All protists.  b) Omitting sequence reads of 
apicomplexa and syndiniales.  Only genera with relative abundances >5% are shown.  
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Figure 3.8.  Relative abundance of protist reads in the water column (ML: mixed layer) and salp fecal pellets 
collected in sediment traps (ST) during summer 2014.  a) All protists.  b) Omitting sequence reads of apicomplexa 
and syndiniales.  Only genera with relative abundances >5% are shown.   
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Figure 3.9.  Relative abundance of protists reads in the water column, guts (F: field collected), and fecal pellets (P) 
of Pegea socia during spring 2016.  a) All protists.  b) Omitting sequence reads of apicomplexa and syndiniales.  
Only genera with relative abundances >5% are shown.  ML: mixed layer, EZ: base of euphotic zone, DE: 150 m.  

 

  



 

121 
 

a) 

 

 

 

 

 

 

    

  

b) 

 

 

 

 

 

    

Figure 3.10.  Relative abundance of protists reads in the water column, guts (F: field), and fecal pellets (P) of 
Doliolum denticulatum during spring 2016.  a) All protists.  b) Omitting sequence reads of apicomplexa and 
syndiniales.  Only genera with relative abundances > 5% are shown.  ML: mixed layer, EZ: base of euphotic zone, 
DE: 150 m.   
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Figure 3.11.  Structure of protist communities in guts and fecal pellets of three species of salps and one of doliolids 
evaluated by hierarchical cluster analysis.  Analyses were done at the genus level and included only genera with 
relative abundances >1% in any sample (n = 99).  Communities were grouped in 34 significant clusters (SIMPROF, 
p < 0.05, black lines in cluster).  The number of clusters was reduced to determine the protists differentiating them 
by merging samples of a similar type (see Figure 12).  Samples are color coded according to type and shape-coded 
according to site.  Symbols with a star correspond to samples from fecal pellets.  Cluster analysis included also 
water column samples from the mixed layer and base of the euphotic zone (Base EZ), as well as two salp fecal 
pellets collected in sediment traps in summer 2014.  Symbols of water column samples with a black edge correspond 
to samples collected in summer 2014.  
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Figure 3.12.  Protists differentiating the clusters of samples (see Figure 11) determined based on SIMPER analysis.  
Only a subset of protists and relative abundances >5% are shown in the heatmap. 
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Figure 3.13.  Sequence reads of Synechococcus strains detected with the ITS primer in guts (F: field collected) and 
fecal pellets (P) of Pegea socia (Ps) and Doliolum denticulatum (Dd).  Synechococcus strains were also evaluated in 
the water column (ML: mixed layer, EZ: base of euphotic zone, DE: 150 m).  Only samples from Cycle 3 (spring 
2016) were analyzed. 
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CHAPTER 4 

Microbial communities associated with sinking particles across an environmental gradient 

in the California Current System 

 

Abstract 

Using 16S/18S rRNA and ITS amplicon sequencing, we evaluate prokaryotic and 

protistan communities in the water column and on particles collected in sediment traps across an 

inshore-offshore environmental gradient in the California Current System.  Particle-associated 

microbial assemblages were different from the ambient water-column communities.  Diversity 

differences were also evident for protists, but less so for prokaryotes, across the inshore-offshore 

gradient.  Gammaproteobacteria, dinoflagellates, and rhizarians were the dominant microbes 

associated with sinking particles at all sampling locations, with diatom contributions increasing 

significantly at the inshore mesotrophic site.  Parasitic groups, syndiniales and apicomplexans, 

were also major particle-associated taxa.  Only some mixed-layer microbes contributed 

significantly to sinking particles.  For cyanobacteria, Synechococcus was significantly enriched 

on sinking particles relative to water-column community composition at the oligotrophic 

sampling locations, and clade I strains were consistently higher on sinking particles at all sites.  

Among protists, dinoflagellates contributed disproportionately to the particle-associated 

assemblages at oligotrophic and transition sites, while the diatom Thalassiosira was relatively 

enriched on particles at the inshore upwelling site.  Our results highlight the need for trophic 

studies that better resolve taxon-specific contributions to upper-ocean productivity and particle 

export in terms of carbon-based fluxes in comparison with sequence relative abundances.  



 

 

133 
 

 

Introduction 

The biological pump includes all of the processes that incorporate inorganic carbon into 

organic production, and then transform and transport it to the deep sea (Longhurst and Harrison, 

1989; Ducklow et al., 2001).  The magnitude and efficiency of the pump are affected both by the 

structure and trophic interactions of plankton communities in the euphotic zone and by the 

activities of microbial and metazoan consumers that attenuate particle flux in the mesopelagic 

zone (Longhurst and Harrison, 1989; Ducklow et al., 2001; Buesseler et al., 2007; Stukel et al., 

2011).  Only about 10% of global ocean productivity is estimated to be exported below the base 

of the euphotic zone (Siegel et al., 2014) and traditionally, large phytoplankton with mineral 

tests, such as diatoms, were believed to be responsible for most of this flux (Michaels and Silver, 

1988).  More recently, however, metabarcoding analyses have revealed that sequences of smaller 

pico- and nano-sized forms, such as Synechococcus, prasinophytes, and dinoflagellates, are 

strongly associated with particulate carbon export in oligotrophic systems (e.g., Amacher et al., 

2013; Guidi et al., 2016).  Nonetheless, the relative importance of different microbes to carbon 

fluxes under varying environmental conditions and the mechanisms driving their export remain 

poorly known (Richardson and Jackson, 2007; Stukel and Landry, 2010).  

Process cruise studies of the California Current Ecosystem – Long-Term Ecological 

Research (CCE-LTER) Program provide an opportunity to evaluate how microbial assemblages 

vary in their contributions to particle flux in a habitat with contrasting environmental conditions.  

The inshore region of the California Current System (CCS) is a highly productive coastal 

upwelling habitat characterized by high biomass and dominance of larger primary producers, 

typically diatoms and dinoflagellates (Venrick, 2002; Taylor et al., 2015).  In contrast, the 
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offshore open-ocean region resembles the oligotrophic central gyres in low biomass and 

dominance of small cells.  These differences also translate to the properties of exported particles, 

with zooplankton fecal pellets contributing most in the inshore region and amorphous aggregates 

offshore (Knauer et al., 1979; Stukel et al., 2013b).  In addition to the contrasting inshore-

offshore environmental conditions, variability at seasonal, interannual, and decadal scales in the 

CCS is reflected in changes in the composition of plankton communities, productivity, and 

particle export (McGowan et al., 1998; Checkley and Barth, 2009; Lavaniegos and Ohman, 

2007; Wilson et al., 2013; Peterson et al., 2017).  In particular for this study, anomalously warm 

conditions (sea surface temperature anomalies > 2°C) prevailed in the region from late 2013 to 

2016.  Initially, these anomalously warm waters extended southward from Alaska and affected 

the North Pacific, where it was known as the “blob” (Bond et al., 2015).  In the subsequent 2015-

2016 El Niño event, the warm water conditions extended northward from the equatorial region 

(McClatchie et al., 2016).  In the CCS, productivity tends to decrease during El Niño events, and 

plankton communities shift towards a higher dominance of smaller subtropical and open-ocean 

taxa (Chavez et al., 2002; Peterson et al., 2002; Peterson et al., 2017), which likely affects the 

microbial communities contributing to sinking particles.   

Using metabarcoding to characterize microbial assemblages, we address two central 

questions:  How does the structure of microbial communities differ between sinking particles and 

the water column across the CCS environmental gradient?  How do specific microbial taxa differ 

in their contributions to exported particulate matter?  Since previous metabarcoding analyses 

have identified the picocyanobacterium Synechococcus as an important component of export 

material (Amacher et al., 2013; Guidi et al., 2016), we also investigated if specific 

Synechococcus strains are differentially enriched on particles relative to the water column.  We 
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hypothesize: a) that the compositions of microbial communities on exported particles differ from 

those in the overlying water column, b) that microbial assemblages on sinking particles vary 

significantly across the ecosystem gradient, c) that certain water-column microbes are enriched 

on exported particles, and d) that Synechococcus contributions to sinking particles vary among 

its dominant strains.  In addition, we expect diatoms on sinking particles to increase 

disproportionately with increasing productivity due to food-web enhancement (larger consumers, 

larger and faster sinking pellets, and late-bloom aggregations that sink directly).  

 

Materials and Methods 

Cruise plan  

Samples and environmental data were collected in the southern California Current 

System (CCS) on the R/V Sikuliaq as part of the CCE-LTER process cruise P1604 (19 April - 12 

May 2016).  The aim of the cruise was to evaluate the effects of the anomalously warm 

conditions on the pelagic ecosystem due to the 2015-2016 El Niño event.  Four water parcels 

with relatively homogeneous conditions were selected based on satellite images of sea surface 

temperature and chlorophyll, and following surveys with a Moving Vessel Profiler (e.g., Ohman 

et al., 2013).  The sampling locations are the offshore oligotrophic open-ocean waters (OO: 

Offshore Oligotrophic), the core water of the CCS (CC: California Current), the transition zone 

between the CC and inshore-mesotrophic waters (TZ: Transition Zone), and the mesotrophic, 

nutrient-rich waters influenced by seasonal upwelling (IN: Inshore) (Figure 1).  Protocols for 

collection and processing of environmental samples as well as cruise data are available at the 

CCE-LTER website (http://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets). 
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Sample collection for metabarcoding 

At each site, sinking particulate matter was collected using VERTEX-style sediment traps 

that were attached under a surface float with satellite telemetry and a holey sock drogue centered 

at 15 m depth (Knauer et al., 1979; Stukel et al., 2013b).  Each deployment followed a water 

parcel for 3-5 days.  The trap array consisted of 12 replicate particle interceptor traps deployed at 

both of two depths, the base of the euphotic zone (Zeu), which varied among deployments, and 

at 150 m.  At each depth, two tubes were filled before deployment with either 2.2 liters of brine 

or a RNA later solution (Table S1; Appendix Table 4.1) to collect samples for metabarcoding 

(prokaryotes: 16S rRNA, Synechococcus: ITS, and eukaryotes: 18S rRNA).  The brine solution 

consisted of 0.1 µm filtered seawater and 50 g l-1 of NaCl, creating a density interface to prevent 

mixing with in situ water.  The RNA later, made as described by Fontanez et al. (2015), was 

used to minimize DNA degradation.  Upon sediment trap recovery, the upper water was removed 

from each trap tube, and the remaining water was filtered through a 200-µm Nitex screen to 

remove zooplankton swimmers.  Non-swimmer particles (>200 µm) were kept on the Nitex 

screen, frozen in liquid nitrogen, and stored at -80°C.  Particles in the remaining water were 

concentrated onto 0.2 µm Sterivex filters, flash frozen, and stored at -80°C.   

During deployments, samples from the mixed layer, the base of the euphotic zone, and 

150 m were collected by CTD casts adjacent to the array to compare to microbial assemblages 

from the water column and trap-collected particles (Appendix Table S4.1).  At each depth, 280 

ml (200 µm Nitex screen) or 650 ml of seawater (500 µm Nitex screen) samples were filtered 

onto 0.2-µm Supor membrane filters (Pall).  Then, the filters were flash frozen in liquid nitrogen 

and stored at -80°C until analysis.   
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DNA from water-column and trap samples was extracted using the NucleoMag 96 Plant 

kit (Macherey Nagel) following the manufacturer’s instructions.  Although DNA was extracted 

separately for the particles <200 µm and >200 µm, these were pooled for subsequent analysis.  

DNA was amplified by Polymerase Chain Reaction using the Q5 high-fidelity PCR kit (New 

England Biolabs).  Prokaryotes were characterized by amplification of the V4-V5 regions of the 

16S small subunit ribosomal RNA gene (SSU-rRNA) using primers 515F and 926R (Appendix 

Table S4.2).  Eukaryotes were characterized by amplifying the V9 region of the18S rRNA gene 

using primers 1389F and 1510R (Appendix Table S4.2).  Synechococcus strains were 

characterized by amplifying the 16S-23S rRNA internal transcribed spacer (ITS) using primers 

ITS1F and ITS4R (Appendix Table S4.2).  For sediment traps samples that did not amplify 

during PCR, we used the OneStep™ PCR Inhibitor Removal Kit (Zymo Research) to remove 

inhibitory substances.   

The PCR products were pooled in equimolar amounts (~10 ng µl-1) and sequenced using 

a dual-barcode index on an Illumina MiSeq platform at the Institute for Genomic Medicine 

(IGM, University of California, San Diego).  Initial quality control of the raw sequence reads 

was done using the workflow for read filtering, swarm Operational Taxonomic Unit (OTU) 

clustering, and taxonomic classification of the SSU-rRNA written by JP McCrow 

(https://github.com/allenlab/rRNA_pipeline).  Amplification, sequencing, and bioinformatics 

processing (denoising, chimera detection, and OTU clustering) of Synechococcus sequences was 

carried out at RTL Genomics (Lubbock, Texas).  Demultiplexed raw reads are available in the 

Archive under Accession Number.  Additional processing details are in the Supplementary 

Information.  The total number of sequence reads and OTUs are summarized for each primer set 
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in Appendix Table S4.3 and by sample types in S4.4 (prokaryotes), S4.5 (Synechococcus), and 

S4.6 (eukaryotes). 

Statistical analyses 

We evaluated differences in prokaryotic (16S) and eukaryotic (18S) assemblages at the 

genus or lowest assigned taxonomic level by multivariate analyses based on the Bray-Curtis 

dissimilarity index.  Prior to analyses, the sequence reads were merged by genera (prokaryotes: 

379, eukaryotes: 510), and only those contributing >1% to the relative abundances in any sample 

(prokaryotes: 79, eukaryotes: 97) were included in the analyses.  For the genera selected, relative 

abundances per sample were recalculated and square-root transformed to reduce the impact of 

the most abundant microbes.  Community differences were assessed by hierarchical clustering 

and ordination using non-metric multidimensional scaling (nMDS).  Cluster significance was 

established by similarity profile analysis (SIMPROF), and microbes differentiating the clusters 

were identified by similarity percentage analysis (SIMPER).  Multivariate analyses were done in 

R using the packages ‘vegan’ (Oksanen et al., 2017) and ‘clustsig’ (Whitaker and Christman, 

2015).  

We used pairwise comparisons with the Fisher’s exact test to evaluate differences in the 

contributions of taxa within individual microbial groups (prokaryotes, protists, and 

Synechococcus strains) to water-column communities and sinking particles.  In addition, we used 

data from 16S plastid analyses in pairwise comparisons to assess the relative contributions of 

mixed-layer prokaryotic (cyanobacteria) and eukaryotic (protist) phytoplankton to sinking 

particles.  For these comparisons, only the subset of taxa with relative abundances >5% in any 

mixed-layer sample were selected for analysis.  For each genus or strain, sequence reads were 
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averaged for the mixed-layer and 150-m trap samples.  A false discovery rate (FDR) threshold of 

0.05 was considered significant.   

 

Results  

Environmental conditions and export fluxes 

Our drifter experiments covered a seven-fold range in productivity (229–1659 mg C m-2 

d-1) and a six-fold range in sediment-trap carbon fluxes at 150 m (32–202 mg C m-2 d-1) (Table 

1).  Environmental conditions in offshore oligotrophic (OO) and California Current waters (CC) 

were marked by deep mixed layers (50–80 m), low nutrients (0.02–0.08 µM nitrate), low 

chlorophyll (0.1–0.2 µg Chla L-1), and low primary production (PP, 229-276 mg C m-2 d-1) 

(Table 1, Figure 1b-1e).  In contrast, conditions in the transition zone (TZ) and inshore (IN) areas 

had shallower mixed layers (30 and 12 m, respectively) with elevated nutrients, Chla, and PP 

compared to the offshore region (Table 1, Figure 1b-1e).  Mixed-layer nitrate concentrations 

were highest in the TZ region (4.6 vs 2.1 µM), but Chla and PP were greatest at the IN site (4.2 

vs 1.2 µg L-1 and 1659 vs 868 mg C m-2 d-1, respectively).  These differences are typical of the 

gradient in ecosystem characteristics across the CCS and underlie the >6-fold difference in 

measured POC export fluxes in 150-m sediment traps between OO and IN deployments (Table 

1). 

Community composition from sequence analyses 

Bacteria dominate the sequence reads for prokaryotes in trap samples (99.9% Bacteria; 

0.1% Archaea), while metazoans account for more of the eukaryote reads (84% metazoans; 16% 

protists) (Appendix Tables S4.4 and S4.6, Appendix Figures S4.1 and S4.2).  In water-column 
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samples, Bacteria sequences (92.6%) also dominate over Archaea, whereas protists account for 

most of the eukaryote reads (72%).  Most of the metazoan sequences are ascribed to copepods 

(24 OTUs), especially the calanoids Metridia and Calanus spp., both important consumers and 

vertical migrators in CCS waters.  Doliolid sequences are also present in water-column and trap 

samples (Appendix Figure S4.3) due to a bloom of Doliolum denticulatum during the study 

period, with highest densities in the TZ.   

Compositions of prokaryote and protistan assemblages show clear shifts with depth in the 

water column but more sample-to-sample variability on sinking particles (Figure 2).  Prokaryote 

sequences in the mixed layer are dominated by Bacteroidetes and Alphaproteobacteria at the 

inshore sites (TZ and IN) and by Alphaproteobacteria and Cyanobacteria at the offshore sites 

(OO and CCP).  Archaea, Bacteroidetes, and Alphaproteobacteria are the main contributors at all 

sampling locations in the base of the euphotic zone (Zeu) and 150-m samples (Figure 2a).  In 

contrast, Gammaproteobacteria, Pseudoalteromonas and Vibrio, dominate the sediment-trap 

sequences at all sampling locations (Appendix Figure S4.4), although relative abundances of 

Bacteroidetes, Alphaproteobacteria, and Cyanobacteria are high in OO and CCP samples from 

the brine-filled traps (Figures 2a and Appendix Figure S4.4).  We did not find a consistent 

influence of trap fill solutions (brine and RNA later) on the microbial composition in sinking 

particles, possibly because our trap deployments were only for 3-5 days.   

In mixed-layer samples, alveolates dominate protist sequences from the OO and CC sites, 

chlorophytes (Archeaplastida) are more important in the TZ, and alveolates and stramenopiles 

co-dominate at the IN site (Figure 2b).  Rhizarians and alveolates are the main components in the 

Zeu and 150-m samples.  In general, parasitic alveolates (apicomplexan and syndiniales) and 

rhizarians are the main protists associated with sinking particles, although their contributions 
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vary among sampling locations (Appendix Figure S4.5).  In the CC traps, alveolate sequences 

assigned to the apicomplexan Cephaloidophoroidea dominate (except for rhizarians in one 

sample), while alveolates and rhizarians are important in the OO samples.  In the IN traps, 

alveolates, rhizarians, and stramenopiles are all important (Figures 2b and Appendix Figure 

S4.5).  At the TZ site, the large contribution of chlorophytes (Archaeplastida) to the water-

column assemblage is not seen in the trap samples (Figure 2b).   

Microbial community structure with depth and site 

For the water-column samples, microbial community structure clusters mainly by depth, 

although mixed-layer assemblages also differ among sampling locations (Figures 3 and 4).  For 

sinking particles, the protist communities cluster mainly by site, whereas little pattern is evident 

for prokaryotes.  Because community structure results based on hierarchical cluster and 

ordination analysis (nMDS) were consistent, only plots of the clusters are presented here.  nMDS 

plots for prokaryotes are in Appendix Figures S4.6a and for protists in S4.6b.    

Prokaryotic communities in the mixed layer have high sequence abundances assigned to 

Prochlorococcus, SAR11 surface clade, and Synechococcus at the offshore sampling locations 

(Group 1: OO and CC).  Synechococcus and Roseobacter are the main components at the inshore 

sampling locations (Group 2: TZ and IN) (Figure 3).  An unclassified Thaumarchaeota has high 

sequence abundances in the deeper water column, followed by the Bacteroidetes clade NS5 

(Group 3: OO, CC, and TZ) in the Zeu samples and by SAR11 at 150 m (Group 4: all sites).  

Prokaryotic communities in the trap samples are dominated by sequences assigned to 

Gammaproteobacteria Pseudoalteromonas and Vibrio (Groups 9-11).  Pseudoalteromonas, 

Prochlorococcus, and Gammaproteobacteria clade BD1-7 are major components in Group 6 
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(two OO samples), whereas the Flavobacteria Fluviicola and Pseudoalteromonas are important 

components of Group 7 (one TZ and one IN sample).   

Mixed-layer protistan communities show high sequence abundances of an uncultured 

dinoflagellate at the two offshore sampling locations (Group 2: OO and CC), the chlorophyte 

Ostreococcus in the TZ (Group 1), and diatoms (Thalassiosira and unclassified 

Bacillariophyceae) and chlorophytes (Micromonas) at the IN site (Group 6) (Figure 4).  For the 

Zeu (Group 3: OO, CC, and TZ) and 150-m samples (Group 4: all sites), the main protistan 

sequences are rhizarians, with high relative abundances of the clade RAD-A in Group 3 and 

Chaunacanthida and Spumellaria in Group 4 (Figure 4).  For trap samples, the protist community 

at the OO site (Group 5) clusters close to the mixed-layer (Group 2), the Zeu (Group 3), and 150-

m (Group 4) samples, indicating strong compositional similarities to the water column.  

Likewise, the sequences from trap samples at the IN site (Group 8) cluster close to samples from 

the overlying mixed layer and the Zeu (Group 6).  At the OO site in the traps, the dominant 

protist is an uncultured dinoflagellate that is not represented in the reference database (Group 5), 

whereas the apicomplexan Cephaloidophoroidea and the acantharean Chaunacanthida co-

dominate in the CC (Groups 10 and 12).  For the TZ, the Zeu samples cluster in Groups 5 and 8, 

whereas samples from 150 m cluster in Group 11, where sequences assigned to 

Cephaloidophoroidea are dominant.  Inshore, the protists on sinking particles have high relative 

abundances of sequences assigned to the diatom Thalassiosira and syndiniales MALV III (Group 

8).   

Contributions of water-column microbes to sinking particles 

To assess the importance of water-column microbes to sinking particles, we specifically 

looked at the contributions of only those taxa that were dominant in the water column (>5% 
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relative abundance in any mixed-layer sample).  Among heterotrophic bacteria, pairwise 

comparisons reveal that only Fluviicola at the IN site show significant relative enrichment in the 

sediment traps (Appendix Table S4.7, Figure 5a).  Contributions of most heterotrophic bacteria 

are significantly higher in the water column than on trap particles, although contributions of 

Roseobacter at the TZ and IN sites, the SAR11 surface clade in the TZ, and the 

Gammaproteobacteria clade OM60(NOR5) at the IN site are similar in the water column and on 

trap particles.  Among phototrophic bacteria, the relative contributions of Prochlorococcus, a 

water-column dominant at the offshore sampling locations (OO and CC), are significantly higher 

in the water column (Appendix Table S4.7, Figure 5a).  In contrast, relative abundances of 

Synechococcus are significantly higher on sinking particles at the offshore OO and CC sites, 

similar in the water column and trap particles in the TZ, and significantly higher in the water 

column at the IN site.  

Among protistan taxa, a dominant but uncultured dinoflagellate is significantly higher on 

trap particles relative to mixed-layer abundances at the OO and TZ sites, but significantly lower 

in the CC (Appendix Table S4.8, Figure 5b).  For Karlodinium, an important component of the 

mixed-layer communities at all sampling locations, relative contributions are significantly higher 

on trap particles in the TZ, lower in the CC, and similar at the IN site.  Similarly, syndiniales 

MALV-I clade 1 is significantly enriched in trap particles at the offshore sites (OO and CC) but 

significantly lower at the IN site.  The relative abundances of chlorophytes Ostreococcus and 

Micromonas are significantly higher in the mixed layer.  For co-dominant diatoms at the IN site, 

the relative abundances of Thalassiosira are significantly higher on trap particles, whereas 

abundances of an unclassified Bacillariophyceae are significantly lower.   
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The analysis of plastid sequences allows comparison of the relative contributions of 

cyanobacteria and eukaryotic phytoplankton to sinking particles, whereas they cannot be directly 

compared from the separate 16S and 18S analyses.  Prochlorococcus and Synechococcus 

dominate phytoplankton communities at the offshore OO and CC sites; however, only 

Synechococcus in the CC are relatively enriched on sinking particles compared to the mixed 

layer (Appendix Table S4.9, Appendix Figure S4.7).  Among eukaryotic phytoplankton, 

Mamiellophyceae and prymnesiophytes are significantly enriched on sinking particles at the OO 

site.  In the TZ, Mamiellophyceae show similar relative abundances in the water column and trap 

particles, and Synechococcus are significantly higher in the water column.  Among water-column 

dominants at the IN site, only bacillariophytes have higher relative abundances in the trap 

samples.  In contrast, Synechococcus relative abundances are significantly higher in the mixed 

layer, while Mamiellophyceae and prymnesiophytes are similar in the mixed layer and trap 

particles (Appendix Table S4.9, Appendix Figure S4.7).   

Synechococcus strain analysis 

Fourteen Synechococcus strains were found from sequencing the ITS region and 

clustering at the 97% identity level.  The number of strains increased from inshore to offshore 

with all strains occurring at the OO site (Figure 6).  Most sequences in the water column, sinking 

particles, and at all sampling locations were assigned to clades I and IV.  Clade I relative 

abundances were significantly higher on sinking particles than in the water column, whereas 

clade IV relative abundances were significantly higher in the water column (Appendix Table 

S4.10, Figure 6).  This pattern was consistent at all sampling locations even when abundances of 

the two clades were similar in the mixed layer and Zeu (OO and IN sites) or when the relative 

abundances of clade IV were higher in the mixed layer (CC and TZ) and Zeu (CC).  
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Discussion 

Environmental conditions 

The prolonged anomalous warm-water conditions that prevailed in the North Pacific from 

late 2013 to 2016 likely influenced the microbes contributing to sinking particles during our 

study.  In the northern region of the California Current System (CCS), considerable changes in 

the plankton communities (protists and zooplankton) were documented by Peterson et al. (2017), 

who found an increase in taxa with tropical-subtropical affinities, increased species richness of 

dinoflagellates, and reduced plankton biomass.  During our study in the southern region of the 

CCS, the presence of plankton with subtropical affinities was also evident (e.g., Doliolum 

denticulatum).  However, the inshore-offshore distributions of the major groups of microbes in 

the water column were generally consistent with their normal ranges in the region.  For example, 

the higher relative abundances of Prochlorococcus at the offshore sites (OO and CC) and of 

Synechococcus at the CC and TZ sites are consistent with their inshore-offshore biomass 

distributions documented by Taylor et al. (2015).  Likewise, among protists primarily present in 

the mixed layer (Figure 5b), the dominance of dinoflagellates offshore and the importantance of 

both diatoms and dinoflagellates inshore (assuming that syndiniales were mostly within their 

hosts) agree with the inshore-offshore contributions of these groups to the protistan abundance 

and biomass in the CCS (Venrick, 2002; Taylor et al., 2015).  In addition, the high dominance of 

rhizarians deep in the water column is consistent with their increased importance to plankton 

biomass with depth (Biard et al., 2016).  Therefore, although surface waters in the southern CCS 

were warmer than normal (McClatchie et al., 2016), our results suggest that the effects on water-

column distributions of the major groups of microbes were not significant (see Freibott et al., 
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2017).  In addition, particulate organic carbon fluxes during this study at the OO, CC, and TZ 

sites were within the ranges previously documented in the CCS, whereas at the IN site, fluxes 

were actually higher (Stukel et al., 2013b).  Although the effects of the 2015-2016 El Niño on 

the specific microbes exported are uncertain due to the lack of a basis of comparison, they are 

likely representative of the range of conditions found in the region because our sampling was 

done when El Niño was in decline.  

General patterns in microbial export and methodological considerations 

Metabarcoding analyses of water-column and sediment trap samples collected across an 

environmental gradient in the CCS allow an unprecedented characterization of the contributions 

of microbial taxa to sinking particles.  Our analyses indicate that most microbes associated with 

sinking particles can be grouped into three broad categories:  1) Particle-associated microbes that 

colonize sinking particles and derive their nutrition from the sinking organic matter (e.g. 

Gammaproteobacteria and Flavobacteriaceae, DeLong et al., 1993; Fontanez et al., 2015).  2) 

Organisms that live in the subsurface ocean and hence have a shorter distance to sink before they 

are collected in sediment traps, such as rhizarian taxa with siliceous or calcium carbonate 

skeletons that are abundant beneath the euphotic zone and likely feed on sinking particles (Biard 

et al., 2016).  This category may also include the reproductive stages of certain rhizarians such as 

acantharians that produce fast-sinking cysts (Bernstein et al., 1987; Decelle et al., 2013).  3) 

Organisms that are resistant to digestion and/or degradation of their genetic material.  This 

category includes Synechococcus and Thalassiosira, which have both been shown to survive 

passage through zooplankton guts (Johnson et al., 1982; Fowler and Fisher, 1983; Pfannkuche 

and Lochte, 1993).  It may also include endosymbionts, gut microbes, and parasites (e.g. 
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syndiniales and apicomplexans) that have been found in our sediment traps and others (Amacher 

et al., 2013; Guidi et al., 2016).  

Taken together, these results highlight some important concepts that must be considered 

when interpreting sequence analyses of sediment trap material in terms of the contributions of 

taxa from surface communities to export.  First, degradation of nucleic acids can be rapid in a 

nitrogen- and phosphorus-limited ocean, while some organisms possess specific adaptations that 

lead to their preferential preservation.  In addition, interpretation of community composition is 

affected by methodological limitations associated with DNA extraction and amplification biases, 

presence of extracellular DNA, and copy number of rDNA, which tend to overrepresent certain 

groups including dinoflagellates, ciliates, and rhizarians (all with high relative abundances in our 

samples).  Hence, the export contributions of many organisms are difficult to determine from 

sediment trap DNA samples alone.  Despite these difficulties, molecular approaches are powerful 

for analyzing microbial consortia associated with sinking particles and have highlighted the 

heterogeneity of sinking carbon in the ocean.  While there are certainly some rapidly sinking 

particles (e.g., salp fecal pellets) that may escape remineralization, most sinking particles are 

likely continually re-worked as they sink through the water column.  Thus, the nature of sinking 

particles changes with depth as particles are consumed and new compounds synthesized.   

Microbes associated with sinking particles in the CCS 

Our results agree with previous studies that have used metabarcoding analyses in 

oligotrophic and mesotrophic systems that show significant differences in the community 

structure of water-column and trap-collected microbes (Amacher et al., 2009, 2013; LeCleir et 

al., 2014; Fontanez et al., 2015).  However, our results also indicate that environmental gradients 

can impact water-column and sinking-particle communities.  Among heterotrophic bacteria, 
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sequences in the mixed layer were mainly represented by members of Flavobacteria (NS4 and 

NS5 clades, Fluviicola) and Alphaproteobacteria (SAR11, Roseobacter), some of which are 

important free-living (e.g., SAR11) or particle associated microbes (e.g., Fluviicola, 

Roseobacter) in pelagic ecosystems (DeLong et al., 1993).  SAR11 relative abundances tended 

to be higher offshore (OO and CC) and were rarely major components of sinking particles.  

Allen et al. (2012) also documented that SAR11 sequences were rarely found in the largest size-

fractions analyzed (3.0–200 µm).  Likewise, the higher relative abundances of Roseobacter in 

nutrient-rich waters is consistent with the results documented by Allen et al. (2012) in the CCS.  

Although Roseobacter are recognized as important colonizers of sinking particles (LeCleir et al., 

2014), during our study their relative abundances at the mesotrophic inshore sites (TZ and IN) 

were similar in the water column and sinking particles.  Also at the IN site, Fluviicola was the 

only heterotrophic bacterium that was significantly enriched on sinking particles, likely because 

these are primarily particle-associated bacteria (Suzuki et al., 2017) that could have grown as the 

particles sank.  Deeper in the water column, the increase in importance of Archaea with depth at 

all sites is consistent with their vertical distribution (Karner et al., 2001), and with their general 

absence on sinking particles collected from sediment traps (Fontanez et al., 2015).  In contrast, 

sequences of heterotrophic bacteria associated with sinking particles were dominated by 

Pseudoalteromonas and Vibrio (Gammaproteobacteria).  These bacteria are associated with 

sinking particles or eukaryote surfaces and have the enzymatic capabilities for degrading high 

molecular weight compounds (DeLong et al., 1993; Fontanez et al., 2015).  In addition, 

Pseudoalteromonas are known to produce anti-bacterial compounds (Holmström and Kjelleberg, 

1999), which may allow them to dominate on particles by inhibiting the growth of other bacteria.   
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The significantly higher relative abundances of Prochlorococcus in the mixed layer and 

Synechococcus on sinking particles at our offshore sites is consistent with results from 

oligotrophic systems (Amacher et al., 2013; Thiele et al., 2015).  Synechococcus is the 

prokaryote most strongly associated with carbon export in open-ocean ecosystems (Amacher et 

al., 2013; Thiele et al., 2015; Guidi et al., 2016).  The contrasting contributions of 

Prochlorococcus and Synechococcus to sinking particles likely reflects differential resistance to 

digestion (Johnson et al., 1982; Guillou et al., 2001; Pfannkuche and Lochte, 1993; Stukel et al., 

2013a).  Microscopical analyses have shown abundant intact Synechococcus cells in 

mesozooplankton guts (Johnson et al., 1982; Wilson and Steinberg, 2010; Stukel et al., 2013a) 

and fecal pellets (Silver and Bruland, 1981; Pfannkuche and Lochte, 1993), which can arise from 

feeding on aggregates or indirectly on microzooplankton that have consumed Synechococcus.  

Since amorphous aggregates are the main category of sediment trap material in offshore CCS 

waters (Stukel et al., 2013b), Synechococcus sinking may also occur as undigested cells in 

microzooplankton minipellets embedded in aggregates (e.g., Gowing and Silver, 1985).  While 

aggregate formation by Synechococcus itself has been advanced to explain their higher relative 

abundances in exported material (Deng et al., 2016), the presence of Synechococcus in 

aggregates and fecal pellets in bathypelagic waters (Agusti et al., 2015) and deep-sea sediments 

(Pfannkuche and Lochte, 1993) suggests instead that trophic interactions are more important for 

Synechococcus export rather than their direct sinking.   

Our results also indicate that Synechococcus export depends on the trophic state of the 

system.  Their similar relative abundances in the water column and sinking particles at the TZ 

site may have been influenced by the large bloom of Doliolum denticulatum, which was 

particularly dense in the TZ.  This small doliolid (~10 mm) is a filter-feeder that can efficiently 
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graze on small particles including picoplankton (Katechakis et al., 2004); thus, ingested 

Synechococcus cells would likely have remained intact in the doliolid fecal pellets.  In contrast, 

at the IN site, Synechococcus relative abundances were significantly higher in the water column 

than in sinking particles, despite similar water-column abundances at the IN and OO sites, 

suggesting a less efficient transfer mechanism.  In the CCS, the large copepod Calanus pacificus 

dominated the mesozooplankton community at the IN site, and its high selectivity for larger >10-

µm protistan prey could have greatly reduced the uptake of Synechococcus cells or even their 

small flagellate consumers into fast sinking fecal pellets.  Although this result seems to 

contradict recent sequence analyses suggesting that Synechococcus contributions in 

mesozooplankton guts including copepods can be considerable (Motwani and Gorokhova, 2013; 

Shoemaker and Moisander, 2017), the copepod species analyzed by these authors, Acartia and 

Pleuromamma, respectively, are less important components of the mesozooplankton 

communities at the IN site in the CCS.  Therefore, composition of both the microbial (i.e., larger 

protists) and mesozooplankton communities, as well as differences in the relative abundances 

and feeding behaviors of the mesozooplankton can be important in modulating Synechococcus 

export across the CCS.   

Despite differences in Synechococcus relative contributions to sinking particles across the 

CCS, most of its export can be attributed to clade I strains.  Clades I and IV dominated in the 

water column at all sites, consistent with general findings for upwelling regions of the northeast 

(Sohm et al., 2016) and southeast Pacific (Zwirglmaier et al., 2008).  The significantly higher 

relative abundances of clade I in sinking particles across the CCS might reflect a greater 

resistance to digestion (Zwirglmaier et al., 2009), although it could also relate to Si content 

(Baines et al., 2012; Brzezinski et al., 2017) or aggregation properties (Deng et al., 2015).  In the 
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Sargasso Sea, Synechococcus clades II and III dominate the water column, and clade III 

contributions to export tend to be higher (De Martini et al., 2016).  Thus, these results highlight 

that strain-level differences may be important in explaining variability in the contributions of 

microbes to export under different environmental conditions.  

Despite the high abundances of sequences of Synechococcus on sinking particles at 

oligotrophic sites in the CCS, its contributions relative to larger eukaryotic phytoplankton is the 

more critical issue for understanding how community structure affects efficiency of the 

biological carbon pump.  In the central North Atlantic, Amacher et al. (2013) concluded that 

Synechococcus were overrepresented on sinking particles compared to Prochlorococcus and 

eukaryotic phytoplankton, including diatoms.  Based on plastid data, which allow prokaryotic to 

eukaryotic phytoplankton to be compared more directly in the present study, Synechococcus 

contributions to sinking particles were significantly higher only at the CC site.  In contrast, 

contributions of bacillariophytes were higher in trap particles at most CCS sites despite lower 

relative abundances of diatoms in the water column.  

The protists on sinking particles were characterized by high relative abundances of 

alveolates (mostly dinoflagellates) and rhizarians at the OO site, consistent with their recognized 

importance on sinking particles (Amacher et al., 2009, 2013; Fontanez et al., 2015) and carbon 

export in oligotrophic systems (Lampitt et al., 2009; Guidi et al., 2016).  Likewise, these groups 

are major components of protistan biomass in oligotrophic waters of the CCS (Taylor et al., 

2015; Biard et al., 2016).  The higher similarity between water-column and sinking-particle 

communities at the OO site, with high relative abundances of dinoflagellates and ciliates, suggest 

that processing of sinking particles by these taxa play a more important role in particle export in 

offshore waters compared to the more productive coastal sites.  
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In contrast to oligotrophic waters, the protists on sinking particles in the CC and TZ were 

dominated by the apicomplexan Cephaloidophoroidea and/or the acantharian Chaunacanthida.  

Acantharians are known for reproductive strategies that involve forming cysts, which sink 

rapidly due to their dense mineral composition (strontium sulfate) (Bernstein et al., 1987; Martin 

et al., 2010; Decelle et al., 2013).  Because Chaunacanthida were important in the deeper water 

column at 150 m except at the CC, the high relative abundances of Chaunacanthida sequences in 

traps at this site could also reflect cyst sinking.  We observed round structures similar to 

acantharian cysts in trap samples in the CC (Appendix Figure S4.8); however, these were 

considerably smaller (22–28 µm) than cysts collected in traps in the North Pacific (80–165 µm, 

Bernstein et al., 1987) and North Atlantic (200–1000 µm, Martin et al., 2010; Decelle et al., 

2013).  

Cephaloidophoroidea is a poorly known group of gregarine apicomplexans that parasitize 

the intestine of crustaceans, including copepods (Rueckert et al., 2011).  The high relative 

abundances of apicomplexans in CC and TZ trap-collected particles coincide with the bloom of 

D. denticulatum.  Due to the preferred particle sizes filtered by these doliolids (2.5–15 µm, 

Katechakis et al., 2004), it is unlikely that the parasites were acquired by feeding directly on 

copepods.  Considering that other gregarine apicomplexans have been identified in guts of salps 

(Clopton 2002; Wallis et al., 2017), Cephaloidophoroidea possibly also parasitize doliolids.  

Because doliolids are passive filter-feeders, the proportions of appropriately sized microbes in 

their diet should be similar to those in the water column (Alldredge and Madin, 1982).  

Nonetheless, at the sites where doliolids were most abundant, microbial communities in the 

water column and on sinking particles showed the highest dissimilarities, suggesting substantial 

post-consumption transformations before particles were exported.  The most notable contrast in 
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the TZ was the virtual absence of Ostreococcus, a dominant mixed-layer picophytoplankton, on 

the sinking particles.  Ostreococcus and Micromonas are both important components of the 

water-column communities in nutrient-rich regions of the CCS (Allen et al., 2012).  It is 

possible, however, that the very tiny cells of Ostreococcus (~1 µm) were not efficiently grazed 

by D. denticulatum (but see Katechakis et al., 2004).  In contrast to Ostreococcus, the relative 

abundances of two dinoflagellates (an uncultured and Karlodinium) with lower contributions to 

the water-column assemblages were significantly higher on sinking particles.  These 

dinoflagellates were likely grazed and transported in the doliolid fecal pellets.   

Particle-associated microbes at the richer upwelling IN site had high relative abundances 

of dinoflagellates (syndiniales MALV I, MALV III, and Karlodinium) and diatoms (an 

unclassified Bacillariophyceae and Thalassiosira).  The importance of MALV on sinking 

particles suggests that these parasites might have been transported within their eukaryotic hosts 

(Guillou et al., 2008).  Although the mechanisms are not well understood, syndiniales, among 

parasites generally, appear to play important roles in modulating export flux (e.g., Amacher et 

al., 2013; Guidi et al., 2016).  The mixotroph Karlodinium was in general a main component of 

the mixed-layer communities at all sites, but its contributions to sinking particles varied.  

Karlodinium are associated with harmful algal blooms, that while grazed by micro- (Johnson et 

al., 2003) and mesozooplankton (Berge et al., 2012), can affect the feeding rates and survival of 

consumers when present above certain density thresholds (Vaqué et al., 2006).  In contrast to the 

large contributions of dinoflagellates at most sites, protist contributions to sinking particles 

compared to the water column at the mesotrophic IN site were characterized by significantly 

higher relative abundances of Thalassiosira spp.  Microscopical analysis indicated that 

Thalassiosira cells are numerically important in mesotrophic CCS waters (Du et al., 2015), and 
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that diatoms in general often dominate biomass in the coastal upwelling region (Taylor et al., 

2015).  Although three diatom taxa were important in the water-column community at the IN site 

(group 6 in Figure 4), only Thalassiosira was strongly represented in the sediment trap material.  

Thalassiosira is among the taxa found to remain viable and culturable for up to 10 days in 

sediment trap material and fecal pellets of copepods and euphausiids (Fowler and Fisher, 1983).  

Therefore, their sinking could have been due to grazing and transport in zooplankton fecal 

pellets, although post-bloom aggregate formation could have also played an important role 

(Alldredge and Gotschalk,1989; Stukel et al., 2013b).  These differences indicate that taxon-

specific characteristics, such as size, palatability, digestability, and/or rapid sinking as aggregates 

likely determine which diatoms remain recognizable by molecular methods in exported material.  

Overall, the stronger similarity between euphotic zone and trap particle communities at 

mesotrophic IN site suggests more efficient export of “fresh” carbon from the ocean’s surface 

than at the other study sites, consistent with higher export expected for diatom-rich waters.   

 

Conclusions 

Metabarcoding analyses of water-column and sediment trap samples from the CCS 

confirm some general findings from other systems, such as the strong associations of 

Gammaproteobacteria, rhizarians, and dinoflagellates with particle export.  Additionally, they 

provide new perspectives on variability within taxa and across gradients of ecosystem trophic 

state.  For the former, we document differential sequence retention of Thalassiosira relative to 

co-occurring diatoms in sinking particles, and we show a consistent difference among 

Synechococcus clades in exported particles.  There are substantial differences in microbial 

contributions to export from the water column between inshore mesotrophic and offshore 
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oligotrophic waters in the CCS that seem to align with differences in dominant grazing pathways 

(large copepods, doliolids, protistan microzooplankton) and export delivery mechanisms (fecal 

pellets versus amorphous aggregates).  However, those associations are inferential and 

nonquantitative in the present study.  One hypothesis that arises from these combined results is 

that relative recovery of sequences in exported particles is more a reflection of digestion 

resistance through variable trophic pathways than direct sinking of different taxa.  Some groups, 

such as Prochlorococcus, Ostreococcus, and most diatoms, while abundant in the water column, 

might have rapidly lost their DNA signatures during digestive processing.  Others, such as 

Synechococcus clade I, gut flora bacteria, and parasites seem to have properties that resist 

digestion, greatly amplifying their relative sequence abundances in sinking particles.  As a 

consequence, understanding the implications of pelagic community structure on biological pump 

efficiency cannot be done by comparative sequence analysis alone.  It will require food-web 

studies that account for the differences in taxon-specific carbon biomass and sequence relative 

abundances in comparing contributions to upper ocean productivity and the particulate matter 

leaving the euphotic zone.  
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Table 4.1.  Summary of environmental data during sediment trap drift deployments across a gradient of ecosystem 
conditions in the California Current System.  PP = primary production (mg C m-2 d-1), POC flux = export of 
particulate organic carbon (mg C m-2 d-1), Temp = temperature (°C), Chla = chlorophyll a (µg l-1), NO3 = nitrate (µg 
l-1).  Number of chlorophyll-nitrate measurements per depth and CTD casts were as follow: OO (n = 3, 4), CC (n = 
7, 10), TZ (n = 6, 11), and IN (n = 7, 11).   

 

Oligotrophic Offshore (OO) 
PP  Depth (m) POC flux  Temp Chla  NO3 

229.0 0-50 - 15.11 ± 0.10 0.11 ± 0.02 0.02 ± 0.01 

 100 72.1 ± 7.3 12.22 ± 0.05 0.16 ± 0.05 11.16 ± 1.68 

 150 31.8 ± 4.9 9.51 ± 0.01   
      

California Current (CC) 
PP  Depth (m) POC flux  Temp Chla NO3 

275.7 ± 41.1 0-80 - 14.20 ± 0.11 0.19 ± 0.02 0.08 ± 0.04 

 97 40.2 ± 3.8 13.18 ± 0.08 0.34 ± 0.06 4.94 ± 1.67 
  147 37.0 ± 5.0 9.54 ± 0.03 - - 

      
Transition Zone (TZ) 

PP  Depth (m) POC flux  Temp Chla NO3 
868.0 ± 133.8 0-30 - 12.40 ± 0.18 1.10 ± 0.03 4.57 ± 0.25 

 57 120.4 ± 9.7 11.24 ± 0.06 0.25 ± 0.06 13.21 ± 0.71 
  147 77.4 ± 4.4 8.78 ± 0.01 - - 

      
Inshore (IN) 

PP  Depth (m) POC flux  Temp Chla NO3 
1658.7 ± 195.6 0-12 - 14.25 ± 0.06 4.06 ± 0.17 2.14 ± 0.49 

 47 251.0 ± 8.3 10.39 ± 0.04 0.42 ± 0.06 24.27 ± 2.07 
  147 202.3 ± 14.0 8.82 ± 0.04 - - 
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Figure 4.1.  Map showing the sampling locations spanning an inshore-offshore gradient in environmental conditions 
across the California Current System.  OO: Oligotrophic Offshore, CC: California Current, TZ: Transition Zone, IN: 
Inshore.  (a) Paths of the free-drifting sediment trap arrays.  At each site, sampling began with the deployment of the 
arrays and a CTD cast (symbols with white edge) and ended with the recovery of the sediment traps (white stars).  
Daily CTD casts, represented in the map by each symbol, were performed to characterize the water column as the 
arrays were followed.  (b) Integrated primary production.  (c) Particulate organic carbon (POC) flux measured in the 
sediment traps at the base of the euphotic zone (Zeu: light brown) and 150 m (dark brown).  (d) Vertical sections of 
temperature.  Dotted lines represent each CTD cast.  (e) Mean vertical profiles of chlorophyll (Chla).  Symbols and 
deviations represent the mean ± standard error.    
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Figure 4.2.  Major groups of microbes in the water column and sinking particles across an environmental gradient in 
the California Current System.  (a) Prokaryotic phyla from 16S rRNA.  (b) Eukaryotic supergroups from 18S V9 
rRNA.  Sinking particles were collected at two depths (base of the euphotic zone and 150 m) and trap tubes were 
filled with either a brine (B) or a RNA later solution (R).  
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Figure 4.3.  Structure of the prokaryotic communities in the water column and sinking particles across an 
environmental gradient in the California Current System.  Communities were grouped in twenty significant clusters 
(SIMPROF, p < 0.05, black lines in cluster).  Heatmaps are based on SIMPER analysis; only relative abundances 
>1% are shown.  Colors indicate sample type (WC: water column, ST: sediment trap) and symbol shapes the 
sampling locations.  The nMDS plot is presented in Figure S6a. 
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Figure 4.4.  Structure of the protist communities in the water column and sinking particles across an environmental 
gradient in the California Current System.  Communities were grouped in thirteen significant clusters (SIMPROF, p 
< 0.05, black lines in cluster).  Heatmaps are based on SIMPER analysis; only relative abundances >1% are shown.  
Colors indicate sample type (WC: water column, ST: sediment trap) and symbol shapes the sampling locations.  The 
nMDS plot is presented in Figure S6b.   
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Figure 4.5.  Contributions of microbes primarily present in the mixed layer to sinking particulate matter across the 
California Current System.  Contributions were evaluated by pairwise comparisons using the Fisher exact test at the 
genus level for (a) prokaryotes and (b) eukaryotes.  Percentages are indicated for contributions >10%.  Squares 
indicate that relative abundances were significantly higher (FDR < 0.05, Tables S6 and S7) in sediment traps (ST, 
solid squares) or in the water-column mixed layer (WC.ml, dotted squares).  OO: Oligotrophic Offshore, CC: 
California Current, TZ: Transition Zone, IN: Inshore.   
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Figure 4.6.  Percentages of Synechococcus strains in the water column and on sinking particles in the California 
Current System based on analysis of the ITS region.  Contributions were evaluated by pairwise comparisons using 
the Fisher exact test.  Percentages are indicated for contributions >10%.  Squares indicate that relative abundances 
were significantly higher (FDR < 0.05, see Table S10 for results of all strains) in sediment traps (ST, solid squares) 
or in the water-column mixed layer (WC.ml, dotted squares).  Sequence data were not available for the trap tube 
filled with the brine solution at the California Current (ST.97). 
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CONCLUSIONS 

 

Plankton communities play critical roles in transferring energy to higher trophic levels 

and modulating the cycles of carbon and other elements in the ocean (Longhurst and Harrison, 

1989; Ducklow et al., 2001).  In my dissertation, I combined long-term data sets of 

mesozooplankton biomass, empirical equations, field measurements, and molecular techniques to 

investigate how these roles are affected by changes in the environment and the composition and 

relative abundances of different taxonomic groups.  I based my research on two overarching 

questions: 1) What large-scale climate forces modulate mesozooplankton fluctuations in the 

North Pacific Subtropical Gyre? 2) How do the trophic interactions of mesozooplankton in the 

southern California Current System affect the contributions of certain phytoplankton groups to 

export flux?  Here, I highlight the main results and novel contributions of my research working 

to answer these questions.  

Mesozooplankton in the oligotrophic North Pacific  

In Chapter 1, I used more than 20 years of approximately monthly data collected at 

station ALOHA to evaluate the environmental factors that modulate mesozooplankton biomass 

variability in the oligotrophic North Pacific Subtropical Gyre (NPSG).  I found that primary 

production accounts for most of the variability in mesozooplankton biomass at both monthly and 

annual scales.  The strong coupling between mesozooplankton fluctuations and primary 

production elucidated in this study differs from the transport-dominated influences that have 

been documented for North Pacific boundary currents (Hooff and Peterson, 2006; Keister et al., 
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2011; Chiba et al., 2013; Di Lorenzo and Ohman, 2013).  Nevertheless, large-scale climate 

patterns also influenced annual variability of mesozooplankton biomass at station ALOHA, 

mainly due to lagged transport effects modulated by the North Pacific Gyre Oscillation (NPGO).  

Based on the model results from this study, I predicted a possible short-term decrease in 

mesozooplankton biomass as a response to the anomalously warm conditions of the 2015–2016 

El Niño, but long-term positive biomass anomalies due to the lagged response to the NPGO.  

The results from Chapter 1 offered new insights on the major environmental drivers 

affecting mesozooplankton biomass variability in the NPSG, but raised questions about how 

changes in the environment affect the structure and role of mesozooplankton in the biological 

pump.  My analysis of the variability of mesozooplankton size structure in Chapter 2 suggested 

that the strong 1997–1998 El Niño was associated with an increase in smaller organisms at 

station ALOHA.  In addition, I found that mesozooplankton biomass became more evenly 

distributed across size classes with increasing system productivity, largely due to increases in 

biomass of smaller (0.2–0.5 mm) and larger (>5 mm) organisms.  Because no long-term trend in 

biomass was evident for the size class that accounts for most of the vertically migrating 

mesozooplankton (2–5 mm), the ratio of active flux mediated by migrants to passive export 

measured in sediment traps was not significantly different throughout the dataset.  In contrast, I 

found that the potential contribution of mesozooplankton via fecal pellet production to passive 

particulate export measured in the traps showed a significant long-term increase. 

Mesozooplankton in the California Current System 

Mesozooplankton play a critical role in the biological pump by enhancing sinking of 

pico-, nano-, and micro-sized organisms within their fast-sinking fecal pellets (e.g., Schrader 

1971; Madin, 1974; Turner and Ferrante, 1979), but this raises the question which microbes are 
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exported out of the euphotic zone by mesozooplankton?  Microscopical analyses have given 

some insight into which microbes contribute to sinking particles; however, such analyses have 

been limited to taxa with hard shells such as diatoms and thecate dinoflagellates (see Amacher et 

al., 2013).  Therefore, in Chapters 3 and 4, I used metabarcoding analyses to elucidate the 

contributions of microbial taxa to export via mesozooplankton-mediated grazing and fecal 

pellets, processes that are influenced by the structure of both the mesozooplankton and microbial 

communities (e.g., Wexels Riser et al., 2002; Wilson et al., 2008).   

My analyses of the protists ingested and egested by salps and doliolids (Chapter 3), and 

of the microbial assemblages associated with sinking particulate matter collected in sediment 

traps (Chapter 4) provided an unprecedented characterization of the potential microbes exported 

in the southern California Current System (CCS).  I found that certain taxa, such as the 

prasinophyte Prasino-Clade-7B1, the dinoflagellate Alexandrium, an unidentified diatom 

(Bacillariophyceae_X), and strains of Synechococcus clade I, dominated the sequences in the 

fecal pellets of salps and doliolids.  I also found that only certain mixed-layer microbes retained 

enough of their rDNA signatures to be recognized and contributed significantly to sinking 

particles.  Strains of Synechococcus clade I were consistently high in the particles across 

sampling locations, and likely are the dominant clade in deep water due to transport in sinking 

pellets that degrade at depth.  Among protists, dinoflagellates contributed disproportionately 

more at oligotrophic and transition sites, while the diatom Thalassiosira was enriched on 

particles at the inshore upwelling site.  Based on these results, I inferred that these specific 

microbes likely resisted digestion within mesozooplankton guts.  My analyses also highlighted 

that alveolate parasites assigned to gregarine apicomplexans and syndiniales were common in 

guts and fecal pellets of salps and doliolids, as well as on sinking particles collected in sediment 
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traps.  These results suggest that parasitism could have a significant impact on food-web 

dynamics, which potentially affected the grazing impact and role in export flux of the salp and 

doliolid blooms during the study period.  

Methodological considerations and future directions 

The approximately monthly data of the Hawaii Ocean Time series (HOT) program 

enabled me to evaluate the environmental factors most likely linked to mesozooplankton biomass 

variability in the NPSG.  However, the ocean faces unprecedented future changes and the 

responses of the mesozooplankton communities to these changes are complex and difficult to 

predict (e.g., Peterson and Schwing, 2003; Lavaniegos and Ohman, 2007; Rykaczewski and 

Checkley, 2008; Beaugrand et al., 2010; Di Lorenzo and Ohman, 2013; Peterson et al., 2017).  

In particular for the NPSG, mesozooplankton responses to future trends in productivity remain 

uncertain due to the potential increase in stratification favoring picophytoplankton in a warmer 

ocean (e.g., Doney et al., 2012) or, conversely, due to the potential further enhancement of 

nitrogen fixing organisms (Hutchins et al., 2007).  Therefore, future observations are needed to 

test the predictive power of the strong relationship between mesozooplankton and productivity 

that I found here and to evaluate possible changes in the relative importance of different factors 

over time.   

I found that fluctuations in environmental conditions can affect carbon cycling and export 

processes mediated by mesozooplankton in open-ocean oligotrophic systems.  However, I based 

my calculations of mesozooplankton contributions to passive (fecal pellets) and active 

(excretion) fluxes on size-fractionated biomass, the growth rate equations of Hirst and Lampitt 

(1998), assumed gross growth efficiency (see Straile, 1997; Stukel and Landry, 2010), and the 

metabolic relationships of Ikeda (1985).  This approach was necessary because direct 
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measurements of growth and excretion rates for the whole mesozooplankton community are very 

difficult to obtain and unavailable in the NPSG.  Because my results provide only crude 

estimates of the relative contributions of mesozooplankton to passive and active fluxes, future 

studies need to be done by direct measurements and process-oriented mechanistic studies.  

Likewise, I based my analysis of mesozooplankton size structure on size-fractionated biomass, 

but it remains unclear if the increased evenness across size classes was due to changes in 

community composition (i.e., smaller species), a decrease in adult size, or an increase in the 

occurrence of juvenile stages. 

Compared to microscopy, the high resolution of metabarcoding analysis enabled me to 

characterize which microbes were exported out of the euphotic zone in the CCS.  However, 

uncertainties during amplification, sequencing, and bioinformatic analyses (e.g., primer bias, 

OTU clustering, taxonomic assignment), as well as the issue of gene copy number versus cell 

abundance, limit the strict interpretation of sequence data in terms of food-web dynamics.  

Likewise, although metabarcoding analyses illuminates which microbes were present in guts, 

fecal pellets, and sinking particles, it does not provide any information on microbial size or 

trophic roles, impeding the use of biovolume-to-carbon conversion factors that would shed some 

light on specific export efficiencies.  Considering these methodological uncertainties, I based the 

interpretation of my results on relative abundances of sequence reads; thus, the relative 

contributions of various groups to export are nonquantitative.  It is important to keep in mind that 

in the context of the biological pump, the currency needed to determine the relative importance 

of the microbes exported is in terms of carbon.  Therefore, in addition to the relative abundances 

of DNA, carbon fluxes from food-web studies are also necessary to better resolve taxon-specific 

contributions to upper-ocean productivity and particle export.  
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An important finding from my dissertation is that the recovery of sequences in the fecal 

pellets of salps and doliolids, as well as in exported particles, may be more a reflection of 

digestion resistance than direct sinking of certain taxa.  Some groups, such as Synechococcus 

Clade I, the prasinophyte Prasino-Clade-7B1, diatoms such as Thalassiosira, and parasites, 

appear to be resistant to digestion, greatly amplifying their relative sequence abundances in fecal 

pellets and sinking particles collected in the mesopelagic zone.  Therefore, a necessary step to 

increase our understanding of the biological pump requires elucidating the role that degradation 

rate of prey DNA in mesozooplankton guts and that digestion resistance, even at the strain level, 

may play in upper-ocean food-web dynamics and carbon export.  This knowledge will be 

particularly relevant to clarify uncertainties in the relative contributions of different microbes to 

zooplankton nutrition, in addition to carbon fluxes, under varying environmental conditions, 

together with their associated mechanisms (Richardson and Jackson, 2007; Stukel and Landry, 

2010).  Although this study was carried out during anomalously warm conditions due to a warm-

water anomaly and El Niño, the inshore-offshore range in environmental conditions covered 

across the CCS offers insights into the possible responses of the ecosystem in terms of the role of 

mesozooplankton-mediated microbial export and the potential microbes exported.   
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Introduction  

This document includes the Generalized Additive Model (GAM) results for all the combinations of 
covariates evaluated to assess the effects of environmental factors on the monthly and annual variability 
of mesozooplankton biomass at Stn. ALOHA. For the final models selected, model validation results are 
presented based on graphical analyses of the residuals. In addition, GAM plots are presented for the 
alternative annual mean model.   
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Appendix Figure S1.1. Model validation of the generalized least squares analysis including an autocorrelation 
structure AR1 to evaluate the long-term trend in mesozooplankton biomass (log10 dry weight) at Stn. ALOHA.  a) 
Results of the autocorrelation coefficient (ACF) for the model without autocorrelation structure (ordinary least 
squares).  b) Results of the ACF for the model including an AR1 structure in the residuals.  c) Homogeneity of 
variances was assessed by plotting the normalized residuals versus the fitted values.  d) Deviation from the normal 
distribution was assessed by a quantile-quantile plot. 
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Appendix Figure S1.2. Model validation of the final monthly mean GAMs for mesozooplankton biomass at Stn. 
ALOHA.  The fitness of the model was evaluated by plots of a) the observed and fitted values versus time and b) 
observed versus fitted values.  c) Homogeneity of variances was assessed by plotting the residuals versus fitted 
values.  d) Autocorrelation in the residuals was assessed by the plot of the autocorrelation function (ACF).  e) 
Deviation from the normal distribution was assessed by a quantile-quantile plot. 
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Appendix Figure S1.3. Model validation of the final annual mean GAMs for mesozooplankton biomass at Stn. 
ALOHA.  The fitness of the model was evaluated by plots of a) the observed and fitted values versus time and b) 
observed versus fitted values.  c) Homogeneity of variances was assessed by plotting the residuals versus fitted 
values.  d) Autocorrelation in the residuals was assessed by the plot of the autocorrelation function (ACF).  e) 
Deviation from the normal distribution was assessed by a quantile-quantile plot. 
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Appendix Figure S1.4. Annual mean of mesozooplankton biomass at Stn. ALOHA modeled with a GAM as 
function of 4-y lagged PDO only. 

 

 

 

Appendix Figure S1.5. Generalized additive model functions for the alternative annual mean model to explain the 
relationship between mesozooplankton biomass and environmental factors at Stn. ALOHA.  The model includes 
smooth functions for primary production and MEI.  Results of the model are presented in Table S3. 
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Lag Monthly mean models  
None 𝑏(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଵ(𝑆𝑆𝑇) +  𝑓ଶ(𝑀𝐸𝐼. 𝑚0) +  𝑓ଷ(𝑁𝑃𝐺𝑂. 𝑚0) +  𝑓ସ(𝑃𝐷𝑂. 𝑚0) 
1 month 𝑏(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଵ(𝑆𝑆𝑇) +  𝑓ଶ(𝑀𝐸𝐼. 𝑚1) +  𝑓ଷ(𝑁𝑃𝐺𝑂. 𝑚1) +  𝑓ସ(𝑃𝐷𝑂. 𝑚1) 
2 months 𝑏(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଵ(𝑆𝑆𝑇) +  𝑓ଶ(𝑀𝐸𝐼. 𝑚2) +  𝑓ଷ(𝑁𝑃𝐺𝑂. 𝑚2) +  𝑓ସ(𝑃𝐷𝑂. 𝑚2) 
3 months 𝑏(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଵ(𝑆𝑆𝑇) +  𝑓ଶ(𝑀𝐸𝐼. 𝑚3) +  𝑓ଷ(𝑁𝑃𝐺𝑂. 𝑚3) +  𝑓ସ(𝑃𝐷𝑂. 𝑚3) 
  
Lag Annual mean models  
None 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑁𝑃𝐺𝑂. 𝑦0) +  𝑓ଷ(𝑀𝐸𝐼. 𝑦0) 
 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑁𝑃𝐺𝑂. 𝑦0) +  𝑓ଷ(𝑃𝐷𝑂. 𝑦0) 
1 year 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑀𝐸𝐼. 𝑦1) 
 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑃𝐷𝑂. 𝑦1) 
2 years 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑁𝑃𝐺𝑂. 𝑦2) +  𝑓ଷ(𝑀𝐸𝐼. 𝑦2) 
 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑁𝑃𝐺𝑂. 𝑦2) +  𝑓ଷ(𝑃𝐷𝑂. 𝑦2) 
3 years 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑁𝑃𝐺𝑂. 𝑦3) +  𝑓ଷ(𝑀𝐸𝐼. 𝑦3) 
 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑁𝑃𝐺𝑂. 𝑦3) +  𝑓ଷ(𝑃𝐷𝑂. 𝑦3) 
4 years 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑁𝑃𝐺𝑂. 𝑦4) +  𝑓ଷ(𝑀𝐸𝐼. 𝑦4) 
 𝑏(𝑆𝑆𝑇) +  𝑓ଵ(𝑙𝑜𝑔ଵ଴𝑃𝑃) +  𝑓ଶ(𝑁𝑃𝐺𝑂. 𝑦4) +  𝑓ଷ(𝑃𝐷𝑂. 𝑦4) 

Appendix Table S1.1. Generalized additive models (GAMs) run to evaluate the effect of environmental factors on 
mesozooplankton biomass at Stn. ALOHA.  A stepwise backward approach was applied and models were re-run 
when non-significant covariates were found or when the effective degrees of freedom were equal to 1 (linear 
relationship).  Two sets of models for each lag were run for annual data because the PDO and the MEI were highly 
collinear.  Likewise, primary production and the NPGO were highly collinear with a lag of one year. b denotes 
linear terms whereas f denotes smooth functions.  PP: log10(primary production), SST: sea surface temperature, 
MEI: Multivariate ENSO index, NPGO: North Pacific Gyre Oscillation, PDO: Pacific Decadal Oscillation. 
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No lag   Lag 1 month 

 
Estimate p-value 

  
Estimate p-value 

Intercept -0.88 <0.001 
 

Intercept 0.11 <0.001 

logPP 0.45 <0.001 
 

logPP 0.50 <0.001 

SST 0.04 <0.001         

       
  edf p-value 

 
  edf p-value 

    
SST 1.53 <0.001 

NPGO.m0 2.74 <0.001 
 

NPGO.m1 1.74 <0.01 

MEI.m0 3.75 <0.01 
 

MEI.m1 
 

ns 

PDO.m0 
 

ns 
 

PDO.m1 
 

ns 

       
DE (%)  R2 GCV 

 
DE (%)  R2 GCV 

46 0.43 0.0147   39 0.38 0.0157 

       
       

Lag 2 months   Lag 3 months 

 
Estimate p-value 

  
Estimate p-value 

Intercept 0.12 <0.001 
 

Intercept 0.12 <0.001 

logPP 0.52 <0.001 
 

logPP 0.51 <0.001 

       
  edf p-value 

 
  edf p-value 

SST 1.82 <0.001 
 

SST 1.40 <0.001 

NPGO.m2 3.01 <0.01 
 

NPGO.m3 2.26 <0.001 

MEI.m2 
 

ns 
 

MEI.m3 
 

ns 

PDO.m2 
 

ns 
 

PDO.m3 
 

ns 

       
DE (%)  R2 GCV 

 
DE (%)  R2 GCV 

41 0.39 0.0156   41 0.40 0.0153 

 
Appendix Table S1.2. Results of the monthly means GAMs.  A stepwise backward approach was applied and only 
the significant models for each lag are presented.  Final model selected reported in table 3 corresponds to the model 
with no lags.  DE: deviance explained, n = 188    
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No lag (PDO)   No lag (MEI) 

  Estimate p-value 
 

  Estimate p-value 

Intercept -2.13 0.04 
 

Intercept -2.13 0.04 

SST 0.08 0.04 
 

SST 0.08 0.04 

       
  edf p-value 

 
  edf p-value 

log PP 2.82 0.02 
 

log PP 2.82 0.02 

NPGO.y0 3.34 0.02 
 

NPGO.y0 3.34 0.02 

PDO.y0 
 

ns 
 

MEI.y0 
 

ns 

       
DE (%)  R2 GCV 

 
DE (%)  R2 GCV 

83 0.73 0.0035   83 0.73 0.0035 

       
Lag 1 year (PDO)   Lag 1 year (MEI) 

  Estimate p-value 
 

  Estimate p-value 

Intercept -0.04 0.01 
 

Intercept -0.04 0.01 

SST   ns 
 

SST   ns 

       
  edf p-value 

 
  edf p-value 

log PP 1.32 <0.01 
 

log PP 1.32 <0.01 

NPGO.y1 
 

- 
 

NPGO.y1 
 

- 

PDO.y1 
 

ns 
 

MEI.y1 
 

ns 

       
DE (%)  R2 GCV 

 
DE (%)  R2 GCV 

47 0.43 0.0050   47 0.43 0.0050 

       
Appendix Table S1.3. Results of the annual means GAMs.  Final model selected reported in Table 3 corresponds to 
the model that includes the 4-y lagged PDO.  The model that includes the 2-y lagged MEI also performed well; 
however, the response of the biomass tended to be more complex (see Results and Figure S5).  DE: deviance 
explained, n = 20. 
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Lag 2 years (PDO)   Lag 2 years (MEI) 

  Estimate p-value 
 

  Estimate p-value 

Intercept -0.04 0.01 
 

Intercept -0.04 <0.01 

SST   ns 
 

SST   ns 

       
  edf p-value 

 
  edf p-value 

log PP 1.32 <0.01 
 

log PP 2.14 <0.01 

NPGO.y2 
 

ns 
 

NPGO.y2 
 

ns 

PDO.y2 
 

ns 
 

MEI.y2 3.32 0.01 

       
DE (%)  R2 GCV 

 
DE (%)  R2 GCV 

47 0.43 0.0050   82 0.74 0.0030 

       

Lag 3 years (PDO)   Lag 3 years (MEI) 

  Estimate p-value 
 

  Estimate p-value 

Intercept -0.04 <0.01 
 

Intercept -0.04 0.01 

SST   ns 
 

SST   ns 

       
  edf p-value 

 
  edf p-value 

log PP 1.50 0.04 
 

log PP 1.50 0.04 

NPGO.y3 1.17 0.04 
 

NPGO.y3 1.17 0.04 

PDO.y3 
 

ns 
 

MEI.y3 
 

ns 

       
DE (%)  R2 GCV 

 
DE (%)  R2 GCV 

63 0.57 0.0041   63 0.57 0.0041 

 

Appendix Table S1.3. Continued. 
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Lag 4 years (PDO)   Lag 4 years (MEI) 

  Estimate p-value 
 

  Estimate p-value 

Intercept -0.05 <0.001 
 

Intercept 0.25 0.02 

SST 
 

ns 
 

SST 
 

ns 

NPGO.y4 0.05 <0.01 
 

log PP 0.95 0.01 

PDO.y4 0.05 0.02 
 

NPGO.y4 0.03 0.01 

       
  edf p-value 

 
  edf p-value 

log PP 1.23 <0.01 
 

MEI.y4 
 

ns 

       
DE (%)  R2 GCV 

 
DE (%)  R2 GCV 

75 0.70 0.0030   62 0.58 0.0039 

 
Appendix Table S1.3. Continued. 
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Text S1 to S3 
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Tables S1 to S7  

 

 

Introduction  

This document includes the approaches for calculating mesozooplankton ingestion and egestion rates in 
the euphotic zone, as well as the contributions of migrant mesozooplankton to the active fluxes of carbon, 
nitrogen, and phosphorus.  Table S1 summarizes the ratios carbon to dry weight (C:DW) and nitrogen to 
dry weight (N:DW) per size class used to calculate mesozooplankton growth rates in the euphotic zone 
and the turnover rates of carbon and nitrogen in the mesopelagic zone.  Table S2 contains the estimated 
biomass per individual in terms of carbon and dry weight using the values published by Landry et al. 
(2001).  The biomass per individual was then used to calculate mesozooplankton growth rate from the 
empirical equation of Hirst and Lampitt (1998), as well as to calculate respiration and excretion rates 
from the empirical equations of Ikeda (1985).  This document also explains the considerations involved 
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for running the Generalized Additive Models (GAMs).  Results of the GAMs are presented for: 1) the 
long-term trend of day, night, and migrant mesozooplankton biomass (Figures S1 and S4, Tables S3 and 
S4), 2) the long-term trend of each size class of mean mesozooplankton biomass (mean of paired day-
night samples; Table S3), 3) the temporal trend of the proportion of ingestion to primary production and 
egestion to particulate organic carbon flux (Table S5), 4) the temporal trend of the proportion of active to 
passive flux (Table S5), and 4) the effect of environmental factors on size structure (Figure S2, Tables S6 
and S7) and migrant biomass (Figure S3, Tables S6 and S7).  For the final models selected, model 
validation is presented based on graphical analyses of the normalized residuals (Figures S1 to S3).  
Changes in migrant mesozooplankton biomass are presented for 1997 and 2009, both El Niño years 
(Figure S5). 
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Text S1. Rate estimates: Carbon cycling in the euphotic zone 

The potential impact of mesozooplankton on carbon cycling in the euphotic zone was estimated 
following an approach similar to that of Roman et al. (2002a).  We first estimated mesozooplankton 
production (ZP) using an empirical growth rate relationship, then determined the food consumption 
(ingestion, I) needed to support that production using a gross growth efficiency of 20% (GGE = ZP:I) 
(Straile, 1997; Stukel & Landry, 2010).  Egestion (E) of undigested carbon as fecal matter was estimated 
using an assimilation efficiency of 70% (i.e., E = 30% of I).  Thus, I = ZP/0.2 and E = 1.5 * ZP.   

Mesozooplankton production (ZP, mg C m-2 d-1) was computed for each size class as the product of 
the carbon biomass (mg C m-2) times calculated temperature-dependent growth rates (g: d-1).  Carbon 
biomass for each cruise was obtained by elemental analysis, whereas the intrinsic growth rates (g: d-1) 
were calculated from the equation of Hirst and Lampitt (1998) 

𝑙𝑜𝑔ଵ଴ 𝑔 = 0.0208 ∗ 𝑇଴ିଵ଴଴  −  0.3221 ∗ 𝑙𝑜𝑔ଵ଴ 𝐵𝑊 − 1.1408,       (1) 

which predicts the intrinsic growth rate of copepods, the dominant mesozooplankton (>80%) at station 
ALOHA (Landry et al., 2001), from environmental temperature (T0-100: °C) and body carbon (BW, µg C 
ind-1).  For temperature, we used cruise mean values for the upper 100 m of the water column, where most 
of the mesozooplankton reside in the euphotic zone at station ALOHA (Huntley et al., 2006; Steinberg et 
al., 2008).  For body carbon of individual animals, we used the mean estimates of Landry et al. (2001), 
which were determined by dividing the measured bulk carbon by the mesozooplankton abundance for 
each of the 5 mesh-screened size classes of 71 daytime and 73 nighttime tows collected at station 
ALOHA over the course of three years (Table S2, BW).  
 
Text S2. Rate estimates: Active flux mediated by migrant mesozooplankton  

Migrant mesozooplankton respiration (RO: µl O2 ind-1 h-1; eq. 2), ammonia excretion (EDIN: µg N 
ind-1 h-1; eq. 3), and phosphate excretion (EDIP: µg P ind-1 h-1; eq. 4) were determined for each size class 
using the empirical equations of Ikeda (1985).  The rates were calculated as function of the biomass per 
individual (mDWI: mg DW ind-1, Table S2) and the temperature (T300-500: °C; mean 300–500 m) that 
migrants might experience at daytime depths (300–500 m).  Similar to the approach followed by Al-
Mutairi and Landry (2001), the biomass per individual was calculated by dividing the dry weight biomass 
(mg DW m-2) by the abundance (ind m-2) published for station ALOHA by Landry et al. (2001) (Table 
S2, mDWI). 

𝑙𝑛 𝑅௢ =  −0.2512 + (0.7886 ∗ ln  𝑚𝐷𝑊𝐼) + (0.0490 ∗  𝑇ଷ଴଴ିହ଴଴),      (2) 

𝑙𝑛 𝐸஽ூே =  −2.8900 + (0.7616 ∗ ln  𝑚𝐷𝑊𝐼) + (0.0511 ∗  𝑇ଷ଴଴ିହ଴଴),      (3) 

𝑙𝑛 𝐸஽ூ௉ =  − 4.3489  + (0.7983 ∗ ln  𝑚𝐷𝑊𝐼) + (0.0285  ∗  𝑇ଷ଴଴ିହ଴଴),      (4) 

 
Respiration rates (RO) were converted to carbon equivalents (RC: mg C ind-1 h-1) using the molar 

volume of an ideal gas at standard temperature and pressure (22.4 L mol-1), the respiratory quotient, and 
the molecular weight of carbon (12 g C mol-1).  The respiratory quotient represents the molar ratio of 
carbon dioxide produced to oxygen consumed during the oxidation of organic matter, and a value of 0.97 
was used, assuming protein-dominated metabolism (Hernández-León & Ikeda, 2005; Omori & Ikeda, 
1984).   

Once the rates per individual were calculated (g ind-1 h-1), the daily contribution of all migrating 
mesozooplankton to the active export flux was determined (g m-2 d-1) by assuming that migrants 
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metabolize during the daytime (12h) while they are at depth (300–500 m) and by multiplying each rate by 
the abundance of migrants in each size class (ind m-2).  For individual cruises, the number of animals in 
each size class were estimated by dividing the measured migrant biomass of each size class (mg DW m-2) 
by the mean biomass estimate of individuals (Table S2, mDWI: mg DW ind-1). 

 
Text S3. Data analysis 

The seasonal and long-term trend of day and night mesozooplankton biomass (untransformed data) 
from 1994 to 2016 were modeled using a generalized additive model (GAM) that assumed Gaussian 
distributed residuals  

𝐷𝑊௜௬  = 𝑎 + 𝑓ଵ(𝐷𝑎𝑦. 𝑜𝑓. 𝑦𝑒𝑎𝑟௜) + 𝑓ଶ൫𝑇𝑖𝑚𝑒௜௬൯ +  𝜀௜௬     where  𝜀௜௬ ~ 𝑁൫0, 𝜎௬
ଶ൯, (5) 

where DWiy is mesozooplankton biomass of the ith cruise (i = 1 to 223) in year y (y = 1 to 23), a is 
the model intercept, f are cubic (f1) and thin-plate (f2) regression splines functions describing the effects 
of the covariates day of year and time on biomass, respectively, and ε are the residuals modeled with an 
auto-regressive process AR1 and a variance structure VarIdent.  The variance structure VarIdent allows to 
have a different variance per stratum (Zuur et al., 2009), which is appropriate considering that the spread 
of the biomass differs per year.  Model results of the temporal analysis of biomass are presented in Table 
S3 and Figure S1.  

Models run with a Gaussian distribution that included the variance structure had a tendency to 
overfit the data.  Hence, we attempted to model the long-term trend in biomass assuming that residuals 
follow a Gamma distribution, which is appropriate for right-skewed data (Wood, 2006; Zuur et al., 2009).  
Model results assuming the Gamma and Gaussian distributions were similar in terms of the covariates 
that were significant and the general shape of the trends.   

Because the long-term trends of day and night mesozooplankton biomass were significant, 
approximate segments of increase or decrease were visually identified after running the GAMs.  The 
significance of the trend of those segments were evaluated by generalized least squares (GLS) models 
including an AR1 process to account for positive autocorrelation in residuals and a VarIdent variance 
structure to allow different variances per year (Zuur et al., 2009) (Table S4).  Model validation for GAMs 
(Figure S2) and GLS was done by graphical analysis of the normalized residuals.  GAMs and GLS 
models were performed in R using the function ‘gamm’ in the mgcv package (Wood, 2006) and the 
function “gls” in the nlme package (Pinheiro et al., 2015), respectively. 
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Appendix Figure S2.1.  Model validation of the GAMs evaluating the temporal variability of day, night, and 
migrant mesozooplankton biomass at station ALOHA.  Assumptions of the models were evaluated using the 
normalized residuals.  a) Autocorrelation in the residuals was assessed by the plot of the autocorrelation function 
(ACF).  b) Deviation from the normal distribution was assessed by quantile-quantile plots.  c) Homogeneity of 
variances was assessed by plotting the residuals versus fitted values.  d) and e) Independence was assessed by 
plotting the residuals versus each covariate, month and year.  f) Model fit was assessed by plotting the observed 
versus fitted values.  
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Appendix Figure S2.2.  Model validation of the GAMs evaluating the effect of the environmental factors on 
mesozooplankton biomass size structure at station ALOHA.  Assumptions of the models were evaluated using the 
deviance residuals.  a) and b) Model fit was assessed by plotting the observed versus fitted values.  c) 
Autocorrelation in the residuals was assessed by the plot of the autocorrelation function (ACF).  d) Deviation from 
the normal distribution was assessed by quantile-quantile plots.  e) Homogeneity of variances was assessed by 
plotting the residuals versus fitted values.  Note heterogeneity in residuals in the model of the size slope. 
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Appendix Figure S2.3.  Model validation of the GAM evaluating the effect of the environmental factors on migrant 
mesozooplankton biomass at station ALOHA.  Assumptions of the models were evaluated using the deviance 
residuals.  a) and b) Model fit was assessed by plotting the observed versus fitted values.  c) Deviation from the 
normal distribution was assessed by quantile-quantile plots.  d) Autocorrelation in the residuals was assessed by the 
plot of the autocorrelation function (ACF).  e) Homogeneity of variances was assessed by plotting the residuals 
versus fitted values. 
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Appendix Figure S2.4.  Temporal trend of day and night mesozooplankton biomass at station ALOHA from 1994 
to 2016 evaluated by GAMs.  a, c) Monthly variability of day and night biomass.  Boxes and whiskers correspond to 
25-75th and 5-95th percentiles, respectively.  Circles represent outliers.  b, d) Interannual variability of day and 
night biomass.  Circles represent mean per cruise (usually n = 3) for the combined size classes.  Curved fit is a three-
point moving average.  e-h) Partial regression plots represent the modeled seasonal and long-term trends of biomass 
using GAMs (see Table S3).  X-axes are the model covariates (day of year and date) and the tick marks represent 
each observation.  Y-axes represent the effects of covariates on predicted mesozooplankton biomass.  Y-axes values 
are deviations from mean biomass and thus are centered.  Numbers in parentheses are the effective degrees of 
freedom.  Solid lines are the modeled trends and shaded areas are the 95% confidence intervals.  Predicted values of 
biomass are obtained by adding the deviations from each smooth function to the mean biomass. 
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Appendix Figure S2.5.  Day and night mesozooplankton biomass in each size class at station ALOHA.  The change 
in the structure of the community in 1997 and 2009, both El Niño years, were reflected in a lower migrant biomass. 
Mean ± SE. 
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0.2 - 0.5 mm 0.5 - 1 mm 1 - 2 mm 2 - 5 mm > 5mm 

C:DW (mg:g) 
Day (n = 512) 355.0 ± 2.0 357.5 ± 1.7 359.5 ± 1.7 320.0 ± 2.1 321.7 ± 7.1 

Night (n = 514) 365.5 ± 1.9 365.6 ± 1.7 367.9 ± 1.7 348.1 ± 1.8 318.8 ± 4.4 

       

N:DW (mg:g) 
Day (n = 512) 81.1 ± 0.5 85.1 ± 0.5 87.6 ± 0.4 76.7 ± 0.6 61.1 ± 1.5 

Night (n = 514) 83.8 ± 0.5 87.4 ± 0.4 90.4 ± 0.4 85.5 ± 0.5 72.4 ± 1.1 

Appendix Table S2.1.  Carbon to dry weight (mg:g) and nitrogen to dry weight (mg:g) relationships of 
mesozooplankton at station ALOHA.  Ratios were obtained for each size class from 1994 to 2016.  Mean ± standard 
error. 
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  Biomass (mg C m-2) Abundance (ind m-2) Biomass (µg C ind-1) 

  Night Day Night Day Mean (BW) 

0.2-0.5mm 52 40 20700 16900 2.4 

0.5-1.0mm 70 47 8300 7380 7.4 

1.0-2.0mm 79 50 1780 1330 41.0 

2.0-5.0mm 76 29 465 247 140.4 

>5.0mm 15 4 4.1 2.1 2781.6 

      
  Biomass (mg DW m-2) Abundance (ind m-2) Biomass (mg DW ind-1) 

  Night Day Night Day Mean (DWI) 

0.2-0.5mm 139 108 20700 16900 0.01 

0.5-1.0mm 184 126 8300 7380 0.02 

1.0-2.0mm 208 133 1780 1330 0.11 

2.0-5.0mm 214 86 465 247 0.40 

>5.0mm 48 11 4.1 2.1 8.47 

      
  Migrant Biomass  Migrant Abundance  Migrant Biomass (mg DW ind-1) 

  (mg DW m-2) (ind m-2) (mDWI) 

0.2-0.5mm 31 3800 0.01 

0.5-1.0mm 58 920 0.06 

1.0-2.0mm 75 450 0.17 

2.0-5.0mm 128 218 0.59 

>5.0mm 37 2 18.50 

Appendix Table S2.2.  Mesozooplankton carbon biomass and dry weight per individual at station ALOHA 
calculated from the carbon biomass, dry weight, and abundance per size class reported by Landry et al. (2001) in 
Table 2.  Values of biomass per individual used in calculations of carbon cycling (section 2.3) and active flux 
(section 2.5) are located on the third column. BW: carbon biomass per individual, DWI: dry weight per individual, 
mDWI: migrant dry weight per individual.   
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Parametric terms Smooth terms 

  

  
Estimate SE p-value Covariate edf p-value R2 n 

Migrants Intercept 0.368 0.028 < 0.001 Day of year 1.88 0.07 0.04 213 

 
Time 0.003 0.002 0.13 

     

          
Day Intercept 0.770 0.016 < 0.001 Day of year 2.89 < 0.001 0.55 223 

     
Time 2.70 < 0.001 

  

          
Night Intercept 1.150 0.024 < 0.001 Day of year 4.39 < 0.001 0.47 223 

     
Time 2.76 < 0.001 

  
Mean  

         
0.2-0.5 mm Intercept 0.140 0.010 < 0.001 Day of year 3.97 < 0.001 0.39 221 

 
Time 0.001 9.E-05 < 0.001 

     

          
0.5-1.0 mm Intercept 0.229 0.006 < 0.001 Day of year 6.67 < 0.001 0.51 221 

     
Time 2.78 < 0.001 

  

          
1.0-2.0 mm Intercept 0.239 0.006 < 0.001 Day of year 3.31 < 0.001 0.44 221 

     
Time 3.36 < 0.001 

  

          
2.0-5.0 mm Intercept 0.188 0.010 < 0.001 Day of year 2.80 < 0.001 0.25 221 

 
Time 9.E-05 7.E-05 0.1940 

     

          
> 5.0 mm Intercept 0.034 0.004 < 0.001 Day of year 2.72 < 0.001 0.40 221 

 
Time 3.E-04 4.E-05 < 0.001 

     
Appendix Table S2.3.  Results of the seasonal pattern and long-term trend of mesozooplankton biomass at station 
ALOHA from 1994 to 2016 evaluated by GAMs.  Models of migrants, day, and, night biomass were run with 
untransformed data including a correlation function AR1 and a variance structure VarIdent.  The temporal trend of 
each size class of mean mesozooplankton biomass (mean of day and night) were run following the same procedure.  
Day of year and time represent smooth functions of the seasonal pattern and long-term trend of biomass, 
respectively.  SE: standard error. edf: effective degrees of freedom. R2: coefficient of determination.  n: sample size 
(cruises analyzed).   
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  Period Intercept Slope  95% CI slope p-value N 

    (mg DW m-2) (mg DW m-2 y-1)       

Day 1994 - 2003 452.6 43.4 23.1 - 63.6 < 0.001 100 

 
2004 - 2016 - - - 0.90 125 

       
Night 1994 - 2003 740.7 61.6 36.6 - 86.6 < 0.001 100 

 
2004 - 2009 1351.3 -75.3 -144.8 - -5.9 0.04 59 

  2010 - 2016 - - - 0.42 64 

 
Appendix Table S2.4.  Results of approximate periods of increase or decrease in day and night biomass that were 
visually identified from GAM results (Figure S1) and evaluated by GLS models.  GLS models were run with 
untransformed data and included a correlation function (AR1) and a variance structure (VarIdent). 
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Parametric terms Smooth terms 

 
  

Estimate SE p-value Covariate edf p-value R2 
Ing/PP Intercept 0.34 0.01 < 0.01 Year 1.59 0.10 0.17 
         
Eg/POC Intercept 1.36 0.15 < 0.01  - - 0.41 
 Year 0.05 0.01  0.001     
         
DIC/POC Intercept 0.14 0.02 < 0.001  - - 0.04 
 Year 1.4.E-03 1.7.E-03 0.42  - -           

DIN/PON Intercept 0.15 0.02 < 0.001 
 

- - 0.001  
Year 2.5.E-04 1.8.E-03 0.89 

 
- - 

 
         

DIP/POP Intercept 0.36 0.03 < 0.001 Year 1.74 0.38 0.06 
 
Appendix Table S2.5.  Interannual variability of the potential contribution of mesozooplankton to carbon cycling in 
the euphotic zone and export flux to the mesopelagic zone at station ALOHA from 1994 to 2014.  Models were 
initially run using GAMs.  In most cases, the effective degrees of freedom (edf) were equal to 1; therefore, the 
models were re-run using ordinary least squares.  Ing/PP: proportion of primary production potentially ingested by 
mesozooplankton.  Eg/POC: proportion of the fecal pellets potentially produced by mesozooplankton in the euphotic 
zone relative to the passive flux of particulate organic carbon (POC) collected in sediment traps at 150 m.  DI/PO: 
proportion of the active flux of dissolved inorganic carbon (C), nitrogen (N), and phosphorus (P) mediated by 
migrant mesozooplankton relative to the passive flux of particulate organic C, N, and P.  SE: standard error. R2: 
coefficient of determination.  n: 21 years. 
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  Covariate edf p-value   R2 DE (%) GCV 

NB-SS slope PP 1.00 0.174 
 

0.04 9.03 0.0098 

 
SST 3.64 < 0.001 

 
0.70 74.84 0.0036 

 
MEI.y0 2.83 0.189 

 
0.18 28.76 0.0093 

 
PDO.y0 1.00 0.881 

 
-0.05 0.11 0.0107 

 
NPGO.y0 1.00 0.920 

 
-0.05 0.05 0.0107 

Size diversity PP 1.00 0.013 
 

0.23 27.12 0.0009 

 
SST 2.37 0.004 

 
0.47 52.54 0.0007 

 
MEI.y0 1.00 0.854 

 
-0.05 0.17 0.0012 

 
PDO.y0 1.00 0.671 

 
-0.04 0.92 0.0012 

 
NPGO.y0 1.00 0.959 

 
-0.05 0.01 0.0012 

Migrant biomass PP 3.32 0.061 
 

0.30 40.90 0.0097 

 
MEI.y0 1.00 0.102 

 
0.08 12.81 0.0112 

 
PDO.y0 1.00 0.435 

 
-0.02 3.07 0.0124 

 
NPGO.y0 1.00 0.402 

 
-0.01 3.54 0.0124 

 
MEI.y1 3.57 0.065 

 
0.31 42.52 0.0097 

 
PDO.y1 1.00 0.945 

 
-0.05 0.02 0.0128 

 
NPGO.y1 1.00 0.286 

 
0.01 5.66 0.0121 

 
MEI.y2 1.00 0.753 

 
-0.04 0.51 0.0128 

 
PDO.y2 1.00 0.526 

 
-0.03 2.04 0.0126 

 
NPGO.y2 1.00 0.687 

 
-0.04 0.83 0.0127 

 
MEI.y3 1.00 0.423 

 
-0.02 3.24 0.0124 

 
PDO.y3 1.86 0.341 

 
0.08 16.46 0.0117 

 
NPGO.y3 1.00 0.088 

 
0.10 13.84 0.0110 

 
MEI.y4 1.00 0.163 

 
0.05 9.50 0.0116 

 
PDO.y4 1.00 0.539 

 
-0.03 1.91 0.0126 

  NPGO.y4 1.45 0.138   0.13 19.43 0.0108 

Appendix Table S2.6.  Two-variable GAMs evaluating the individual effect of each environmental factor on 
mesozooplankton biomass size structure (NB-SS slope and size diversity) and migrant mesozooplankton biomass at 
station ALOHA from 1994 to 2015.  Significant relationships are bold highlighted.  PP: primary production, SST: 
sea surface temperature, MEI: Multivariate ENSO Index, PDO: Pacific Decadal Oscillation, and NPGO: North 
Pacific Gyre Oscillation.  Climate patterns are lagged 0, 1, 2, 3, and 4 years.  edf: effective degrees of freedom.  R2: 
coefficient of determination.  DE: deviance explained.  GCV: generalized cross validation.  n: 22    
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  Covariate edf P value   R2 DE (%) GCV 

NB-SS slope PP 1.00 0.097 
 

0.75 82.51 0.0035 

 
SST 3.59 < 0.001 

    

 
MEI.y0 1.83 0.244 

    
        

 
PP 1.00 0.189 

 
0.70 77.88 0.0040 

 
SST 3.64 < 0.001 

    

 
PDO.y0 1.00 0.816 

    
        

 
PP 1.00 0.140 

 
0.70 78.19 0.0040 

 
SST 3.61 < 0.001 

    

 
NPGO.y0 1.00 0.506 

    
        
Siz diveristy PP 1.10 0.015 

 
0.59 67.68 0.0006 

 
SST 2.32 0.005 

    

 
MEI.y0 1.00 0.445 

    
        

 
PP 1.00 0.016 

 
0.59 67.77 0.0006 

 
SST 2.53 0.005 

    

 
PDO.y0 1.00 0.536 

    
        

 
PP 1.00 0.006 

 
0.68 79.22 0.0005 

 
SST 3.16 0.003 

    
  NPGO.y0 3.02 0.266         

 

Appendix Table S2.7.  Effect of environmental factors on mesozooplankton biomass size structure and migrant 
mesozooplankton biomass at station ALOHA from 1994 to 2015 evaluated using GAMs.  The effect of both local 
environmental factors and large-scale climate forcing were considered in these models.  n: 22 
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  Covariate edf P value   R2 DE (%) GCV 

Migrant biomass PP 3.30 0.143 
 

0.30 44.24 0.0103 

 
MEI.y0 1.00 0.337 

    
        

 
PP 3.21 0.100 

 
0.25 40.20 0.0109 

 
PDO.y0 1.00 0.952 

    
        

 
PP 3.14 0.115 

 
0.25 39.89 0.0108 

 
NPGO.y0 1.00 0.931 

    
        

 
PP 3.65 0.105 

 
0.50 67.13 0.0090 

 
MEI.y1 3.65 0.139 

    
        

 
PP 2.73 0.065 

 
0.26 39.03 0.0105 

 
PDO.y1 1.00 0.337 

    
        

 
PP 3.18 0.129 

 
0.25 40.08 0.0109 

 
NPGO.y1 1.00 0.852 

    
        

 
PP 3.63 0.027 

 
0.39 56.70 0.0100 

 
MEI.y2 2.48 0.339 

    
        

 
PP 3.67 0.039 

 
0.35 51.95 0.0102 

 
PDO.y2 1.77 0.459 

    
        

 
PP 2.92 0.087 

 
0.25 38.76 0.0108 

 
NPGO.y2 1.00 0.540 

    
 

Appendix Table S2.7.  Continued 

  



 

 

211 

 

 

  Covariate edf P value   R2 DE (%) GCV 

Migrant biomass PP 3.26 0.096 
 

0.25 40.53 0.0109 

 
MEI.y3 1.00 0.946 

    
        

 
PP 3.98 0.002 

 
0.61 72.92 0.0066 

 
PDO.y3 2.50 0.020 

    
        

 
PP 3.14 0.168 

 
0.28 42.85 0.0104 

 
NPGO.y3 1.10 0.418 

    
        

 
PP 3.40 0.078 

 
0.36 52.86 0.0102 

 
MEI.y4 2.19 0.459 

    
        

 
PP 3.33 0.069 

 
0.28 42.70 0.0107 

 
PDO.y4 1.06 0.666 

    
        

 
PP 3.33 0.159 

 
0.30 44.36 0.0103 

  NPGO.y4 1.00 0.320         

 

Appendix Table S2.7.  Continued 
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Materials and Methods 

Cruise plan 

Samples and environmental data were collected at four sites in the southern California 
Current System (CCS) on the R/V Sikuliaq as part of the California Current Ecosystem – Long-
Term Ecological Research (CCE-LTER) process cruise P1604 (19 April - 12 May 2016).  The 
aim of the cruise was to evaluate the effects of the anomalously warm conditions on the pelagic 
ecosystem due to the 2015-2016 El Niño event.  At each site, we conducted experimental cycles 
following water parcels over 3-5 days by a surface drifter with holey sock drogue at 15 m.  
Sampling began at midnight with the deployment of a sediment trap and an additional 
experimental drifter array (Ohman et al., 2013).  As we followed the arrays, the euphotic zone 
(0.1% surface irradiance) was characterized by taking profiles twice a day (02:00 and 12:00) 
with a Conductivity Temperature Depth (CTD) in a Niskin-bottle rosette, collecting discrete 
water samples at 6-8 depths for chlorophyll (Chla), nutrients, primary production (PP), and 
metabarcoding.  Sampling ended with the recovery of the experimental (~ 02:00) and sediment 
trap arrays (~ 06:00).  Due to bad weather, sampling at the offshore site (OO) was interrupted, 
and the sediment trap array drifted for a longer period of time (Table S1).   

 

Environmental factors 

Samples were collected and processed following the protocols of the CCE-LTER program 
(http://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets).  Chlorophyll was 
determined by filtering 282 ml of seawater through glass fiber filters (Whatman GF/F), extracted 
in 90% acetone for 24-48 hours, and the fluorescence was read on a Turner Designs 10AU 
fluorometer.  Water for dissolved inorganic nutrients (nitrate, silicate, and phosphate) was 
filtered directly from the Niskin bottle through a 0.1-µm cartridge filter and frozen (50 ml) until 
they were analyzed by a colorimetric assay at the University of California, Santa Barbara 
Analytical Facility.  Primary production was determined by 14C uptake in 250-ml samples in on-
deck incubators that simulated selected ambient light levels in the euphotic zone.   

 

Sediment traps 

Sinking particulate matter was collected at each site in VERTEX-style sediment traps that 
were attached below the drogued drifter array (Table S1, Figure 1).  Trap arrays consisted of 12 
replicate particle interceptor traps deployed at each of two depths, the base of the euphotic zone 
and 150 m.  Each particle interceptor trap had an inner diameter of 70 mm, an aspect ratio of 8:1 
(height:diameter), and baffle tubes on top to minimize resuspension during recovery (Knauer et 
al., 1979; Stukel et al., 2013b).  At each depth, two particle interceptor traps were assigned for 
metabarcoding samples of the microbial communities (prokaryotes: 16S rRNA and 
Synechococcus ITS; eukaryotes: 18S rRNA) and the tubes were filled before deployment with 
either 2.2 liters of a brine or a RNA later solution (Table S1).  The brine solution consisted of 0.1 
µm filtered seawater and 50 g l-1 of NaCl, creating a density interface to prevent mixing with in 
situ water (Stukel et al., 2013b).  The RNA later, made following the protocol described by 
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Fontanez et al. (2015), was used to reduce DNA degradation in the traps.  Briefly, 40 ml 0.5M of 
EDTA, 25 ml 1M sodium citrate, and 700 grams of ammonium sulfate were combined with 
ultrapure water.  The solution was heated and stirred until the ammonium sulfate was dissolved.  
The pH of the solution was adjusted to 5.2 using sulfuric acid and particles were removed from 
the solution by filtering through a Sterivex filter (0.2 µm) with a peristaltic pump.  We filled the 
entire particle interceptor traps with the RNA later solution. 

After recovering the trap array, sample processing followed the protocol described by Stukel 
et al. (2013b): the depth of the salinity interface was stablished, the overlying water was gently 
removed with a peristaltic pump, and the water was filtered through a 47-mm diameter Nitex 
screen (200-µm pore size) to remove mesozooplankton swimmers that were carefully checked 
under a dissecting microscope.  Non-swimmer particles larger than 200-µm were kept in the 
Nitex screen, placed in a 2-ml screw-cap cryogenic vial, flash-frozen in liquid nitrogen, and 
stored at -80°C.  The remaining water and particles were filtered through Sterivex filters (0.2 
µm) with a peristaltic pump, flash frozen, and stored at -80°C.  The mean volume of water 
filtered was 1.7 liters (range: 1.37 – 2.10 liters) for tubes filled with the brine solution and 1.8 
liters (range: 1.32 – 2.10 liters) for tubes filled with the RNA later solution. 

 

Water column 

Samples for metabarcoding were collected from the mixed layer, the base of the euphotic 
zone, and at 150-m depth to evaluate what microbes from the water column contributed to 
sinking particles exported from the euphotic zone (Table S1).  At each depth, 280 ml (200-µm 
Nitex screen) or 650 ml of seawater (500-µm Nitex screen) were pre-screened to remove 
mesozooplankton prior to filtration through a 25-mm diameter 0.2-µm Supor membrane filters 
(Pall Corporation).  Once the water was filtered, the filters were folded in half, placed in 2-ml 
screw-cap cryogenic vials, flash-frozen in liquid nitrogen, and stored at -80°C until analysis.   

 

Library construction and sequencing 

Environmental DNA from the water column and sediment trap samples was extracted using 
the NucleoMag 96 Plant kit (Macherey Nagel) following the manufacturer’s instructions.  Supor 
membrane filters (water column samples) and Nitex screen filters (particles > 200 µm) were 
placed directly in the lysis buffer.  In the case of the Sterivex filters (sediment trap samples), the 
cartridges were opened using pliers and the filters were cut using sterilized blades in 
approximately 16 pieces (8 longitudinal and 1 horizontal cut).  For this step, the cartridges were 
placed on sterilized aluminum foil on top of dry ice to prevent the material from defrosting.  
Filter pieces were then transferred using sterilized forceps (ethanol-flamed) into 1.5 ml 
Eppendorf tubes that contained the lysis buffer.  Then, the protocol of the kit was followed; DNA 
was eluted to 50 µl and was stored at -80°C until amplification (typically within 1-5 days).  
Although DNA was extracted separately for the particles <200 µm and >200 µm, these were 
pooled for subsequent analysis.   



 

 

215 

 

Once DNA was extracted, amplification was done by Polymerase Chain Reaction (PCR).  
The prokaryotic community was characterized by amplifying the V4-V5 regions of the 16S small 
subunit ribosomal RNA gene (SSU-rRNA) using primers 515F and 926R (Table S2).  The 
eukaryotic community was characterized by amplifying the V9 region of the18S rRNA gene 
using primers 1389F and 1510R (Table S2).  Primers contained the Illumina adaptors, the linker, 
and the barcoded indices.  Amplification was done using the Q5 high-fidelity PCR kit (New 
England Biolabs) in a 25-µl reaction volume.  The PCR thermal protocol consisted of an initial 
denaturation of 30 s at 98°C, 30 amplification cycles of 10 s at 98°C, 30 s at 56°C, and 30 s at 
72°C, followed by a final extension of 2 min at 72°C, and a final holding of 4°C.  The band size 
of the amplicons was visualized on a 1% agarose gel.  Because sediment trap samples did not 
amplify during PCR, likely due to the organic matter present in sinking particles, we used the 
OneStep™ PCR Inhibitor Removal Kit (Zymo Research) following the manufacturer’s 
instructions to remove the substances that were inhibiting amplification.  PCR was then carried 
out using 1 µl of diluted template (1:10).  PCR products were purified using Agencourt AMPure 
Beads XP and the concentration was quantified using PicoGreen dsDNA Quantitation Reagent.   

The PCR products were pooled in equimolar amounts (~ 10 ng µl-1) in 1.5 ml Eppendorf 
tubes and were sequenced using a dual-barcode index on an Illumina MiSeq platform at the 
Institute for Genomic Medicine (IGM, University of California, San Diego).  Demultiplexed raw 
reads were provided by IGM and are available in the Archive under Accession Number.  

 

Bioinformatic analyses 

Initial quality control of the raw sequence reads (fastq files) was done using the workflow 
for read filtering, swarm Operational Taxonomic Unit (OTU) clustering, and taxonomic 
classification of the SSU-rRNA written by JP McCrow 
(https://github.com/allenlab/rRNA_pipeline).  Briefly, paired-end reads were aligned using 
PEAR (Zhang et al., 2014) and quality trimmed to Phred score 30 (Q30 minimum average in 
sliding window of size 2 bp) for 18S V9 amplicons or Q20 for 16S amplicons due to lower 
maximum quality scores.  Possible chimeras were found and filtered using USEARCH (Edgar 
2010).  Amplicons were clustered using SWARM into OTUs (Mahé et al., 2014) and taxonomic 
assignment was done by the best hit from GLSEARCH36 (Pearson, 2016) against the 
appropriate reference database: Silva v128 (Quast et al., 2013) and phytoRef (Decelle et al., 
2015) were used for prokaryotes and potential plastid sequences, respectively, whereas PR2 with 
the taxonomic updates from the Tara Oceans-W2 was used for eukaryotes (de Vargas et al., 
2015).  Total number of sequence reads and OTUs per sample from the initial filtered OTU 
tables are summarized in Tables S3-S6.   

 The initial filtered OTU table for each library were processed further before multivariate 
analyses.  An additional qualitative control was done following the next steps: 1) For the 18S, 
non-eukaryote sequence reads were removed (archaeal, bacterial, organelle, and unassigned), 
whereas for the 16S, only bacterial and archaeal sequence reads were kept (eukaryotes were 
omitted).  2) OTUs with only 1 sequence read in the entire data set (singletons) were removed.  
3) OTUs that were assigned to the same species, but that occurred multiple times in the OTU 
table were merged to have each species only once (merge of over-split OTUs).  4) The taxonomy 
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of each OTU down to the genus level was examined based on the information available in the 
World Register of Marine Species (WoRMS, www.marinespecies.org/) using the “Match taxa” 
function.  This step helped to fill the gaps in the taxonomic information and to correct 
misassignations.  5) OTUs assigned only to a supergroup level (e.g., Opisthokonta_X, 
Stramenopiles_X) were removed.  6) For the 18S OTU table, OTUs assigned to the Class 
Streptophyta (land plants) were removed.  These final OTU tables (Tables S3-S6, “working OTU 
table”) were used for analyzing the microbial communities of the sediment-trap and water-
column samples.   

 

Synechococcus sequence analysis and classification 

The different Synechococcus strains were classified by sequencing the 16S-23S rRNA 
internal transcribed spacer (ITS) using primers ITS1F and ITS4R (Table S2).  Amplification, 
sequencing, and bioinformatics processing (denoising, chimera detection, and OTU clustering) 
of Synechococcus sequences was carried out at RTL Genomics (Lubbock, Texas).  The OTUs 
were assigned at a 97% cutoff.  OTU classification was carried out using MOTHUR (Schloss et 
al., 2009) and a Synechococcus ITS database from Choi et al. (2014).  OTUs that were assigned 
to the same strain were merged.  The total number of sequence reads and OTUs per sample from 
the initial and working OTU tables are summarized in Tables S3 and S5. 

 

Multivariate analyses of metagenomic data 

Multivariate analyses of the microbial communities were done at the genus level for each 
OTU table.  Prior to analyses, the relative abundances per sample were calculated from the 
sequence reads of each genus.  Because most microbes occur rarely, only the genera that 
contributed >1% to the relative abundance in any sample were considered for analyses.  After 
this step, the relative abundances per sample were recalculated and square-root transformed to 
reduce the effect of the most abundant genera.    

To identify the similarity/dissimilarity of the structure of the microbial communities 
between sites and to characterize the microbes that differentiate those communities, we applied a 
set of multivariate analyses that included hierarchical clustering, similarity profile (SIMPROF), 
non-metric multidimensional scaling (nMDS), and similarity percentage (SIMPER).  All these 
analyses are based on the Bray-Curtis dissimilarity index, which evaluates the structure of the 
communities by comparing the compositions and relative abundances of the genera among 
samples.  The dissimilarity of the microbial communities among samples was evaluated by 
means of a hierarchical cluster analysis with a group average linkage, and the significance of the 
clusters was defined by the Simprof analysis (alpha level < 0.05).  Ordination plots based on the 
nMDS analysis were also used to represent in few dimensions the relationship of the 
communities between samples.  The groups of samples that were significantly clustered by the 
Simprof analysis were examined further by means of the Simper analysis, in order to establish 
the genera that differentiated each group.  However, samples that were not clustered to any group 
(significantly different than any other sample) were joined to the closest cluster if the type of 
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samples were similar (e.g., a sediment trap sample joined to a group of sediment traps samples 
from the same sampling site).   

All multivariate analyses were done using the package ‘vegan’ in R (Oksanen et al., 2017).  
Simprof analysis was done using the package ‘clustsig’ in R (Whitaker and Christman, 2015). 
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Appendix Figure S4.1.  Number of sequence reads of prokaryotes (16S rRNA) in water-column and sediment-trap 
samples across an environmental gradient in the California Current System.  OO: oligotrophic offshore, CC: 
California Current, TZ: transition zone, IN: inshore. 
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Appendix Figure S4.2.  Number of sequence reads of eukaryotes (18S rRNA) in water column and sediment trap 
samples across an environmental gradient in the California Current System.  OO: oligotrophic offshore, CC: 
California Current, TZ: transition zone, IN: inshore. 
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Appendix Figure S4.3.  Presence-absence of metazoans in metagenomic samples from the California Current 
System (CCS).  Samples were collected at three depths in the water column (mixed layer, base of the euphotic zone, 
and 150 m) and at the base of the euphotic zone (Zeu) and 150 m in sediment traps.  A gradient in productivity 
across the CCS was followed: oligotrophic offshore (OO), California Current (CC), transition zone (TZ), inshore 
(IN).  Except for the offshore site (OO), two water-column samples were collected in the mixed layer.  In the 
heatmap of the water column, numbers denote the depths at which samples were collected.  For the sediment trap 
samples, heatmps were separated by depth, and the letters on top indicate if the trap tubes were filled with a brine 
(Br) or RNA later solution (Rn).  Some groups were omitted: Arachnida, Insecta, Vertebrata, Anthozoa, 
Nudibranchia, Nemertea, Platyhelminthes, Sipuncula, Ascidiacea. 
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Appendix Figure S4.4.  Percentages of most abundant prokaryotes (>5% in any sample) in the water column and 
sinking particles in the California Current System based on 16S rRNA amplicon sequencing.  Percentages are shown 
for the genera that contributed >10% in a sample. WC: water column, ST: sediment traps. 
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Appendix Figure S4.5.  Percentages of most abundant protists (>5% in any sample) in the water column and 
sinking particles in the California Current System based on 18S rRNA amplicon sequencing.  Percentages are shown 
for the genera that contributed >10% in a sample. WC: water column, ST: sediment traps. 
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Appendix Figure S4.6.  Microbial community structure in the water column and sinking particles across an 
environmental gradient in the California Current System evaluated by ordination analysis (nMDS).  (a) Prokaryotic 
assemblages from 16S rRNA.  (b) Protists assemblages from 18S rRNA.  Colors indicate sample type (WC: water 
column, ST: sediment trap) and symbol shapes the sampling locations.  Hierarchical cluster and SIMPER analysis 
for the prokaryotic and protist assemblages are presented in Figures 3 and 4, respectively. 

  



 

 

224 

 

 

 

 

Appendix Figure S4.7.  Contributions of eukaryotic phytoplankton and cyanobacteria (Prochlorococcus and 
Synechococcus) to sinking particles relative to their contributions in the mixed layer.  Sequences of eukaryotic 
phytoplankton were obtained from plastid data amplified using the 16S rRNA.  Only classes with relative abundance 
>5% in any mixed-layer sample are shown.  Microbes with relative abundances significantly higher in sinking 
particles compared to their relative contribution in the water column are highlighted with black squares (Fisher exact 
test for difference between proportions greater than 1, FDR < 0.05, Table S9).  Percentages are shown for the classes 
that contributed more than 10% in a sample. WC: water column, ST: sediment traps, B: brine solution, R: RNA later 
solution. OO: oligotrophic offshore, CC: California Current, TZ: transition zone, IN: inshore.   
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Appendix Figure S4.8.  Microscopy images of some particles collected in sediment traps at four sites in the 
California Current System during the CCE-LTER process cruise P1604.  
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Sediment traps 

Zone Dates drifting Total (days) Depth (m) Treatment Screened (um) 

Oligotrophic  22.April.2016  5.6 100 Brine 200 

Offshore (OO) 27.April.2016 
 

100 RNA later 200 

[Cycle 1] 
  

150 Brine 200 

 
  

150 RNA later 200 

 
29.April. 2016 3.3 97 Brine 200 

California   02.May.2016 
 

97 RNA later 200 

Current (CC) 
  

147 Brine 200 

[Cycle 2] 
  

147 RNA later 200 

      

Transition Zone 
(TZ) 

[Cylce 3] 

03.May.2016  3.2 60 Brine 200 

06.May.2016 
 

60 RNA later 200 

  
150 Brine 200 

  
150 RNA later 200 

Inshore (IN) 

[Cycle 4] 

07.May.2016 3.3 50 Brine 200 

10.May.2016 
 

50 RNA later 200 

  
150 Brine 200 

  
150 RNA later 200 

 

Appendix Table S4.1.  Summary information on samples collected to evaluate the microbial communities of 
sinking particles in the California Current System.  Dates drifting = dates of deployment and recovery of the 
sediment trap arrays in each zone.  Total = time the trap array was drifting.  Screened = pore size of the Nitex screen 
used to remove mesozooplankton before filtering the seawater and particles.  The information in brackets refers to 
specific experimental cycles of CCE-LTER Process cruise P1604. 
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Water column 

Zone Date collected 
 

Depth (m) Volume (ml) Screened (um) 

Oligotrophic  22-April-2016 - 50 650 500 

Offshore (OO) 22-April-2016 - 100 650 500 

 22-April-2016 - 150 650 500 

 
02-May--2016 - 5 280 200 

California   30-April-2016 - 20 650 500 

Current (CC) 30-April-2016 - 100 650 500 

 
30-April-2016 - 150 650 500 

Transition Zone 
(TZ) 

05-May--2016 - 12 280 200 

04-May--2016 - 20 280 200 

04-May--2016 - 60 650 500 

04-May--2016 - 150 650 500 

Inshore (IN) 

10-May--2016 - 7 650 500 

08-May--2016 - 12 280 200 

09-May--2016 - 12 280 200 

10-May--2016 - 50 650 500 

10-May--2016 - 150 650 500 

 

Appendix Table S4.1.  Continued 
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Forward Reverse Amplicon size  

Prokaryotes – 16S   

515F 926R  

GTGYCAGCMGCCGCGGTAA CCGYCAATTYMTTTRAGTTT ~ 527 bp 

   

Synechococcus   

ITS1F ITS4R  

CTTGGTCATTTAGAGGAAGTAA TCCTCCGCTTATTGATATGC ~ 350 bp 

   

Eukaryotes – 18S V9   

1389F 1510R  

TTGTACACACCGCCC CCTTCYGCAGGTTCACCTAC ~ 290 bp 

 

Appendix Table S4.2.  Primer information. 
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  Original OTU table   Working OTU table 

  No. of reads OTUs   No. of reads OTUs 

16S 507494 11233 
 

502169 984 

      
18S 1300965 6543 

 
826592 720 

      
ITS 441630 414   441628 14 

 

Appendix Table S4.3.  Number of sequence reads and Operational Taxonomic Units (OTUs) obtained for each 
primer set used.  Working OTU table: we further processed the original OTU table by removing the singletons and 
by merging the sequence reads of the over-split OTUs (multiple OTUs assigned to the same species) to have each 
species only once. 
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    Sediment traps  

  
  Original OTU table - 16S rRNA 

 

    
No. of reads   No. of OTUs 

 
Site Depth (m) Treatment 

 
Archaea Bacteria Eukaryota Total   Archaea Bacteria Total 

 

OO 

100 Brine 
 

145 16809 547 17501 
 

24 729 753 
 

100 RNA later 
 

2 22632 527 23161 
 

2 258 260 
 

150 Brine 
 

119 10209 0 10328 
 

18 1163 1181 
 

150 RNA later 
 

8 13592 9 13609 
 

4 454 458 
 

CC 

97 Brine 
 

4 10925 15 10944 
 

1 482 483 
 

97 RNA later 
 

0 27669 2 27671 
 

0 470 470 
 

147 Brine 
 

1 17506 0 17507 
 

1 368 369 
 

147 RNA later 
 

0 24950 57 25007 
 

0 698 698 
 

TZ 

57 Brine 
 

2 21533 1032 22567 
 

2 243 245 
 

57 RNA later 
 

0 12960 8 12968 
 

0 471 471 
 

147 Brine 
 

36 5736 36 5808 
 

11 652 663 
 

147 RNA later 
 

12 26663 1 26676 
 

5 626 631 
 

IN 

47 Brine 
 

18 8018 4 8040 
 

8 692 700 
 

47 RNA later 
 

5 14438 5 14448 
 

4 563 567 
 

147 Brine 
 

2 20449 11 20462 
 

2 670 672 
 

147 RNA later   1 15960 5 15966   1 708 709   

 

Appndix Table S4.4.  Number of sequence reads and Operational Taxonomic Units (OTUs) per sample of the 
prokaryotic microbial community as evaluated by 16S rRNA.  Working OTU table: we further processed the 
original OTU table by removing the singletons and by merging the sequence reads of the over-split OTUs (multiple 
OTUs assigned to the same species) to have each species only once. OO: oligotrophic offshore, CC: California 
Current, TZ: transition zone, IN: inshore. 
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    Sediment traps 

  
  Working OTU table - 16S rRNA 

    
 No. of reads 

 
No. of unique OTUs 

Site Depth (m) Treatment 
 

Archaea Bacteria Total 
 

Archaea Bacteria Total 

OO 

100 Brine 
 

145 16804 16949 
 

11 360 371 

100 RNA later 
 

2 22630 22632 
 

2 154 156 

150 Brine 
 

119 10145 10264 
 

9 430 439 

150 RNA later 
 

8 13585 13593 
 

2 261 263 

CC 

97 Brine 
 

4 10904 10908 
 

1 216 217 

97 RNA later 
 

0 27665 27665 
 

0 171 171 

147 Brine 
 

1 17506 17507 
 

1 129 130 

147 RNA later 
 

0 24932 24932 
 

0 245 245 

TZ 

57 Brine 
 

2 21529 21531 
 

2 136 138 

57 RNA later 
 

0 12948 12948 
 

0 190 190 

147 Brine 
 

36 5708 5744 
 

7 336 343 

147 RNA later 
 

12 26657 26669 
 

5 259 264 

IN 

47 Brine 
 

18 7979 7997 
 

5 331 336 

47 RNA later 
 

5 14419 14424 
 

4 236 240 

147 Brine 
 

2 20431 20433 
 

2 256 258 

147 RNA later   1 15924 15925   1 269 270 

 

Appndix Table S4.4.  Continued 
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Water column 

    Original OTU table - 16S rRNA 

    No. of reads  No. of OTUs 

Site Depth (m)   
 

Archaea Bacteria Eukaryota Total   Archae Bacteria Total Bacteria Total 

OO 

50 - 
 

15 28740 0 28755 
 

6 1613 1619 281 284 

100 - 
 

2757 7653 0 10410 
 

101 929 1030 265 279 

150 - 
 

3958 7898 0 11856 
 

247 1009 1256 272 292 

CC 

5 - 
 

41 20672 1 20714 
 

15 1416 1431 299 306 

20 - 
 

9 11866 0 11875 
 

8 1160 1168 236 241 

100 - 
 

844 8121 0 8965 
 

76 947 1023 259 271 

150 - 
 

1837 4860 2 6699 
 

196 832 1028 235 254 

TZ 

12 - 
 

269 28667 0 28936 
 

20 2942 2962 295 303 

20 - 
 

242 15930 1 16173 
 

33 1225 1258 223 228 

60 - 
 

2344 17660 0 20004 
 

129 2080 2209 388 403 

150 - 
 

1840 4827 4 6671 
 

178 818 996 245 263 

IN 

7 - 
 

4 14275 0 14279 
 

3 1758 1761 240 242 

12 - 
 

162 21375 0 21537 
 

28 1467 1495 269 276 

50 - 
 

342 16458 0 16800 
 

62 2280 2342 331 341 

150 -   2600 8557 0 11157   200 978 1178 293 315 

 

Appndix Table S4.4.  Continued 
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   Water column 

   
Working OTU table - 16S rRNA 

   
 No. of reads 

 
No. of unique OTUs 

Site Depth (m)   Archae Bacteria Total 
 

Archae Bacteria Total 

OO 

50 - 15 28611 28626 
 

3 281 284 

100 - 2757 7614 10371 
 

14 265 279 

150 - 3958 7888 11846 
 

20 272 292 

CC 

5 - 41 20552 20593 
 

7 299 306 

20 - 9 11775 11784 
 

5 236 241 

100 - 838 8075 8913 
 

12 259 271 

150 - 1836 4855 6691 
 

19 235 254 

TZ 

12 - 267 27970 28237 
 

8 295 303 

20 - 236 15739 15975 
 

5 223 228 

60 - 2340 17399 19739 
 

15 388 403 

150 - 1840 4824 6664 
 

18 245 263 

IN 

7 - 4 13914 13918 
 

2 240 242 

12 - 157 21067 21224 
 

7 269 276 

50 - 340 15988 16328 
 

10 331 341 

150 - 2600 8539 11139   22 293 315 

 

Appndix Table S4.4.  Continued 
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Sediment traps 

     
Original OTU table  

 
Working OTU table  

Site Cycle Depth (m) Treatment 
 

Reads OTUs 
 

Reads OTUs 

 

C1 

100 Brine 
 

14989 232 
 

14989 13 

Oligotrophic 100 RNA later 
 

15075 240 
 

15075 14 

Offshore 150 Brine 
 

13861 215 
 

13861 12 

 150 RNA later 
 

28434 264 
 

28434 13 

 

C2 

97 Brine 
 

    
 

    

California   97 RNA later 
 

17145 217 
 

17145 10 

Current 147 Brine 
 

24326 235 
 

24326 8 

 147 RNA later 
 

12113 129 
 

12113 6 

 

C3 

57 Brine 
 

19769 215 
 

19769 10 

Transition 57 RNA later 
 

19606 282 
 

19606 8 

Zone 147 Brine 
 

14813 231 
 

14813 8 

 147 RNA later 
 

18236 264 
 

18236 7 

Inshore C4 

47 Brine 
 

12719 169 
 

12719 6 

47 RNA later 
 

11397 216 
 

11396 8 

147 Brine 
 

12744 247 
 

12744 6 

147 RNA later   6760 103   6760 6 

 

Appendix Table S4.5.  Number of sequence reads and Operational Taxonomic Units (OTUs) per sample of 
Synechococcus as evaluated by the ITS.  Working OTU table: we further processed the original OTU table by 
removing the singletons and by merging the sequence reads of the over-split OTUs (multiple OTUs assigned to the 
same clade) to have each clade only once. 
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Water column 

     
Original OTU table  

 
Working OTU table  

Zone Cycle Depth (m)   
 

Reads OTUs 
 

Reads OTUs 

Oligotrophic 

C1 

50 - 
 

21493 308 
 

21492 14 

Offshore 100 - 
 

7736 217 
 

7736 9 

 150 - 
 

24413 168 
 

24413 8 

California   

C2 

20 - 
 

7669 145 
 

7669 9 

Current 100 - 
 

18680 268 
 

18680 9 

 
150 - 

 
17635 212 

 
17635 10 

 

C3 

20 - 
 

16665 207 
 

16665 6 

Transition 60 - 
 

23331 244 
 

23331 7 

Zone 150 - 
 

19120 172 
 

19120 8 

Inshore C4 

7 - 
 

10814 187 
 

10814 6 

50 - 
 

22356 270 
 

22356 6 

150 -   9731 140   9731 6 

 

Appendix Table S4.5.  Continued. 
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    Sediment traps 

    
 Original OTU table - 18S rRNA 

    
 No. of reads   No. of OTUs 

Site Depth (m) Treatment 
 

Porkaryotes Unid Eukaryota   Metazoans Microbes 

OO 

100 Brine 
 

150 2 25274 
 

84 339 

100 RNA later 
 

328 0 42809 
 

90 151 

150 Brine 
 

4 0 23007 
 

71 102 

150 RNA later 
 

143 0 35311 
 

111 193 

CC 

97 Brine 
 

25 4 28226 
 

94 153 

97 RNA later 
 

3596 1 29387 
 

103 232 

147 Brine 
 

3423 3 27206 
 

97 262 

147 RNA later 
 

309 0 24478 
 

67 66 

TZ 

57 Brine 
 

679 4 29736 
 

105 416 

57 RNA later 
 

3758 27 35140 
 

129 489 

147 Brine 
 

2991 27 17784 
 

92 598 

147 RNA later 
 

4370 5 29245 
 

107 362 

IN 

47 Brine 
 

641 27 25150 
 

126 559 

47 RNA later 
 

617 1 32700 
 

73 272 

147 Brine 
 

539 3 28596 
 

98 279 

147 RNA later   1376 2 27057   86 311 

 

Appendix Table S4.6.  Number of sequence reads and Operational Taxonomic Units (OTUs) per sample of the 
eukaryotic community as evaluated by 18S rRNA.  Working OTU table: we further processed the original OTU 
table by removing the singletons and by merging the sequence reads of the over-split OTUs (multiple OTUs 
assigned to the same species) to have each species only once.  OO: oligotrophic offshore, CC: California Current, 
TZ: transition zone, IN: inshore.  Unid: unidentified.    
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   Sediment traps 

   
Working OTU table - 18S rRNA 

   
No. of reads  

 
No. of unique OTUs 

Site Depth (m) Treatment Metazoans Microbes Total 
 

Metazoans Microbes Total 

OO 

100 Brine 22425 2136 24561 
 

34 120 154 

100 RNA later 41906 454 42360 
 

37 78 115 

150 Brine 22443 364 22807 
 

31 45 76 

150 RNA later 34070 991 35061 
 

37 70 107 

CC 

97 Brine 13061 10334 23395 
 

44 71 115 

97 RNA later 21164 4787 25951 
 

41 113 154 

147 Brine 16663 6109 22772 
 

46 108 154 

147 RNA later 20783 2405 23188 
 

33 36 69 

TZ 

57 Brine 27356 2368 29724 
 

35 132 167 

57 RNA later 29118 5759 34877 
 

58 210 268 

147 Brine 7815 9923 17738 
 

49 212 261 

147 RNA later 22055 7166 29221 
 

45 155 200 

IN 

47 Brine 17258 7850 25108 
 

45 223 268 

47 RNA later 30070 2616 32686 
 

34 138 172 

147 Brine 26196 2389 28585 
 

40 158 198 

147 RNA later 22168 4817 26985   37 174 211 

 

Appendix Table S4.6.  Continued 
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    Water column 

    
 Original OTU table - 18S rRNA 

    
 No. of reads 

 
No. of OTUs 

Site Depth (m)   
 

Porkaryotes Unid Eukaryota   Metazoans Microbes 

OO 

50 - 
 

41247 27 27569 
 

19 1132 

100 - 
 

19121 3807 22629 
 

24 1003 

150 - 
 

21393 4131 14470 
 

23 788 

CC 

5 - 
 

22536 26 19643 
 

27 947 

20 - 
 

35904 26 13946 
 

19 967 

100 - 
 

24894 1833 11413 
 

22 944 

150 - 
 

34671 4409 24296 
 

40 921 

TZ 

12 - 
 

18571 143 35522 
 

38 339 

20 - 
 

19575 291 24786 
 

38 454 

60 - 
 

62211 8638 29675 
 

46 1108 

150 - 
 

33941 4823 22088 
 

43 795 

IN 

12 - 
 

9388 242 45403 
 

13 976 

12 - 
 

12108 113 18184 
 

69 772 

50 - 
 

32330 1005 54181 
 

37 786 

150 -   15421 1420 18754   32 799 

 

Appendix Table S4.6.  Continued 
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   Water column 

   
Working OTU table - 18S rRNA 

   
No. of reads  

 
No. of unique OTUs 

Site Depth (m)   Metazoans Microbes Total 
 

Metazoans Microbes Total 

OO 

50 - 286 27223 27509 
 

14 280 294 

100 - 2999 19603 22602 
 

15 262 277 

150 - 5059 9402 14461 
 

15 201 216 

CC 

5 - 6291 13152 19443 
 

15 250 265 

20 - 2434 11472 13906 
 

13 260 273 

100 - 1366 10006 11372 
 

17 249 266 

150 - 10396 13872 24268 
 

28 195 223 

TZ 

12 - 22499 12997 35496 
 

16 149 165 

20 - 10799 13930 24729 
 

15 177 192 

60 - 7669 21922 29591 
 

27 288 315 

150 - 5231 16839 22070 
 

30 195 225 

IN 

12 - 2117 43111 45228 
 

9 293 302 

12 - 1272 16803 18075 
 

36 272 308 

50 - 17499 36632 54131 
 

12 273 285 

150 - 10159 8533 18692   21 246 267 

 

Appendix Table S4.6.  Continued 
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  OO   CC 

 
WC-ml vs. ST-150m 

 
WC-ml vs. ST-147m 

  Difference p-value 
 

Difference p-value 

Bacteroidetes 
     

Flavobacteriaceae -6.3 < 0.0001 
 

-59.3 < 0.0001 

Fluviicola 3.5 < 0.0001 
 

2.0 < 0.0001 

Formosa 7.3 < 0.0001 
 

4.4 < 0.0001 

NS4 1.4 0.017 
 

4.0 < 0.0001 

NS5 -4.3 < 0.0001 
 

4.5 < 0.0001 

Cyanobacteria 
     

Prochlorococcus 4.0 < 0.0001 
 

24.9 < 0.0001 

Synechococcus -4.7 < 0.0001 
 

-17.9 < 0.0001 

Proteobacteria 
     

Rhodobacteraceae 8.0 < 0.0001 
 

7.1 < 0.0001 

Roseobacter -9.5 < 0.0001 
 

3.0 < 0.0001 

SAR11 Surface 1 6.2 < 0.0001 
 

27.8 < 0.0001 

OM60(NOR5) -5.7 < 0.0001   -0.4 ns 

 

Appendix Table S4.7.  Contributions of prokaryotes to sinking particulate matter (ST-150 m) relative to their 
contributions to the water column (WC-ml: mixed layer) across the California Current System.  Negative differences 
between proportions indicate that the relative abundance of the microbes was higher in sinking particles than in the 
water column.  The difference between relative contributions was evaluated by pairwise comparisons using the 
Fisher exact test.  Only genera with relative abundances >5% in any mixed-layer sample were included in the 
analysis.  Microbes with relative abundances significantly higher in sinking particles relative to their contributions in 
the water column are highlighted in bold (FDR < 0.05).  OO: oligotrophic offshore, CC: California Current, TZ: 
transition zone, IN: inshore.   
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  TZ   IN 

 
WC-ml vs. ST-147m 

 
WC-ml vs. ST-147m 

  Difference p-value 
 

Difference p-value 

Bacteroidetes 
     

Flavobacteriaceae -11.6 < 0.0001 
 

-9.5 < 0.0001 

Fluviicola -6.6 < 0.0001 
 

-11.4 < 0.0001 

Formosa 4.8 < 0.0001 
 

1.4 ns 

NS4 13.1 < 0.0001 
 

4.6 < 0.0001 

NS5 4.4 < 0.0001 
 

3.8 < 0.0001 

Cyanobacteria 
     

Prochlorococcus -0.4 0.020 
 

0.0 ns 

Synechococcus -2.3 ns 
 

8.4 < 0.0001 

Proteobacteria 
     

Rhodobacteraceae -1.6 ns 
 

-3.2 < 0.0001 

Roseobacter 1.1 ns 
 

1.4 ns 

SAR11 Surface 1 -0.7 ns 
 

-1.0 ns 

OM60(NOR5) -0.3 ns   5.5 < 0.0001 

 

Appendix Table S4.7.  Continued 
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  OO   CC 

 
WC-ml vs. ST-150m 

 
WC-ml vs. ST-147m 

  Difference p-value 
 

Difference p-value 

Dinophyceae_Uncultured -10.3 < 0.0001 
 

28.8 < 0.0001 

Lepidodinium -10.4 < 0.0001 
 

5.8 < 0.0001 

Karlodinium -4.0 ns 
 

15.4 < 0.0001 

Glenodiniopsis 36.5 < 0.0001 
 

-3.0 < 0.0001 

MALV-I Clade I -11.9 < 0.0001 
 

-22.4 < 0.0001 

Ostreococcus 0.0 ns 
 

-0.1 ns 

Micromonas 0.1 ns 
 

1.1 0.001 

Cryptomonadales 0.1 ns 
 

0.2 ns 

Bacillariophyceae 0.3 ns 
 

0.3 ns 

Thalassiosira -0.5 < 0.0001   -26.2 < 0.0001 

 

Appendix Table S4.8.  Contributions of protists to sinking particulate matter (ST-150 m) relative to their 
contributions to the water column (WC-ml: mixed layer) across the California Current System.  Negative differences 
between proportions indicate that the relative abundance of the microbes was higher in sinking particles than in the 
water column.  The difference between relative contributions was evaluated by pairwise comparisons using the 
Fisher exact test.  Only genera with relative abundances >5% in any mixed-layer sample were included in the 
analysis.  Microbes with relative abundances significantly higher in sinking particles relative to their contributions in 
the water column are highlighted in bold (FDR < 0.05).  OO: oligotrophic offshore, CC: California Current, TZ: 
transition zone, IN: inshore. 
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  TZ   IN 

 
WC-ml vs. ST-147m 

 
WC-ml vs. ST-147m 

  Difference p-value 
 

Difference p-value 

Dinophyceae_Uncultured -8.6 < 0.0001 
 

-1.0 ns 

Lepidodinium -2.0 < 0.0001 
 

-0.7 < 0.0001 

Karlodinium -6.6 < 0.0001 
 

-1.6 ns 

Glenodiniopsis -0.1 ns 
 

0.0 ns 

MALV-I Clade I -27.9 < 0.0001 
 

9.2 < 0.0001 

Ostreococcus 47.1 < 0.0001 
 

2.8 < 0.0001 

Micromonas 7.3 < 0.0001 
 

8.5 < 0.0001 

Cryptomonadales 6.8 < 0.0001 
 

3.1 < 0.0001 

Bacillariophyceae -1.1 < 0.0001 
 

16.4 < 0.0001 

Thalassiosira -14.9 < 0.0001   -36.7 < 0.0001 

 

Appendix Table S4.8.  Continued 
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  OO   CC 

 
WC-ml vs. ST-150m 

 
WC-ml vs. ST-147m 

  Difference p-value   Difference p-value 

Mamiellophyceae -37.1 < 0.0001 
 

0.6 ns 

Prasinophyceae 0.2 ns 
 

0.1 ns 

Cryptophyceae -7.9 < 0.0001 
 

-0.1 ns 

Prymnesiophyceae -7.6 < 0.0001 
 

3.6 < 0.0001 

Bacillariophyceae -4.5 < 0.0001 
 

-0.2 ns 

Chrysophyceae 0.5 0.021 
 

0.5 ns 

Dictyochophyceae -1.7 < 0.0001 
 

1.7 0.001 

Cyanobacteria; Prochlorococcus 37.0 < 0.0001 
 

52.4 < 0.0001 

Cyanobacteria; Synechococcus 21.1 < 0.0001   -58.6 < 0.0001 

 

Appendix Table S4.9.  Contributions of eukaryotic phytoplankton and cyanobacteria to sinking particulate matter 
across the California Current System.  For this analysis, sequences of eukaryotic phytoplankton were obtained from 
the plastids amplified with the 16S primers.  Only classes with relative abundances >5% in any mixed-layer sample 
were included in the analysis.  Negative differences between proportions indicate that the relative abundance of 
phytoplankton was higher in sinking particles than in the water column.  The difference between the relative 
contributions was evaluated by pairwise comparisons using the Fisher exact test.  Phytoplankton with relative 
abundances significantly higher in sinking particles relative to their contributions in the mixed layer are highlighted 
in bold (FDR < 0.05).  OO: oligotrophic offshore, CC: California Current, TZ: transition zone, IN: inshore. 
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  TZ   IN 

 
WC-ml vs. ST-147m 

 
WC-ml vs. ST-147m 

  Difference p-value   Difference p-value 

Mamiellophyceae 3.2 ns 
 

1.0 ns 

Prasinophyceae -0.1 ns 
 

0.0 ns 

Cryptophyceae -1.5 ns 
 

2.1 ns 

Prymnesiophyceae -1.3 ns 
 

4.7 ns 

Bacillariophyceae -5.1 < 0.0001 
 

-22.7 < 0.0001 

Chrysophyceae -0.1 ns 
 

0.0 ns 

Dictyochophyceae -0.1 ns 
 

-1.5 ns 

Cyanobacteria; Prochlorococcus -0.3 ns 
 

0.1 ns 

Cyanobacteria; Synechococcus 5.3 0.003   16.1 0.001 

 

Appendix Table S4.9.  Continued 
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  OO   CC 

 
WC-ml vs. ST-150m 

 
WC-ml vs. ST-147m 

  Difference p-value 
 

Difference p-value 

Syn_CRD1 -0.7 < 0.0001 
 

0.0 ns 

Syn_CRD2 2.2 < 0.0001 
 

4.2 < 0.0001 

Syn_I_CC9311 0.5 < 0.0001 
 

-0.7 < 0.0001 

Syn_I -30.6 < 0.0001 
 

-42.8 < 0.0001 

Syn_II 0.8 < 0.0001 
 

1.7 < 0.0001 

Syn_III 0.6 < 0.0001 
 

0.0 ns 

Syn_IV_CC9902 0.6 < 0.0001 
 

-0.1 ns 

Syn_IV_RHCU13 6.2 < 0.0001 
 

4.3 < 0.0001 

Syn_IV 23.8 < 0.0001 
 

35.7 < 0.0001 

Syn_MS2 0.2 < 0.0001 
 

0.0 ns 

Syn_UC_A 0.1 < 0.0001 
 

0.0 ns 

Syn_WPC1 0.3 < 0.0001 
 

0.9 < 0.0001 

Syn_XVII 0.5 < 0.0001 
 

-0.1 0.014 

Syn_XXX_GLB64471 -4.6 < 0.0001   -3.1 < 0.0001 

 

Appendix Table S4.10.  Contributions of different Synechococcus strains to sinking particulate matter (ST-150 m) 
relative to their contributions to the water column (ml: mixed layer) across the California Current System.  Negative 
differences between proportions indicate that the relative abundance of a clade was higher in sinking particles than 
in the water column.  The difference between the relative contributions was evaluated by pairwise comparisons 
using the Fisher exact.  Clades with relative abundances significantly higher in sinking particles relative to their 
contributions in the mixed layer are highlighted in bold (FDR < 0.05).  OO: oligotrophic offshore, CC: California 
Current, TZ: transition zone, IN: inshore.  
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  TZ   IN 

 
WC-ml vs. ST-147m 

 
WC-ml vs. ST-147m 

  Difference p-value 
 

Difference p-value 

Syn_CRD1 -0.1 < 0.0001 
 

0.0 ns 

Syn_CRD2 0.0 ns 
 

0.0 ns 

Syn_I_CC9311 -1.4 < 0.0001 
 

-0.2 ns 

Syn_I -33.9 < 0.0001 
 

-20.2 < 0.0001 

Syn_II 0.0 ns 
 

0.0 ns 

Syn_III 0.0 ns 
 

0.0 ns 

Syn_IV_CC9902 0.2 ns 
 

-0.7 0.001 

Syn_IV_RHCU13 5.7 < 0.0001 
 

1.6 < 0.0001 

Syn_IV 32.6 < 0.0001 
 

19.6 < 0.0001 

Syn_MS2 0.0 ns 
 

0.0 ns 

Syn_UC_A 0.0 ns 
 

0.0 ns 

Syn_WPC1 0.0 ns 
 

0.0 ns 

Syn_XVII 0.0 ns 
 

0.0 ns 

Syn_XXX_GLB64471 -3.0 < 0.0001   0.0 ns 

 

Appendix Table S4.10.  Continued 




