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ABSTRACT 

 

Deep-sea communities are food limited, relying on detritus exported from surface waters 

for energy. Microbes produce, consume, and transform detrital particles, affecting their 

availability to deep-sea metazoans. I examined the microbial communities associated with 

particulate organic matter as it sinks from the euphotic zone to the abyssal plain more than four 

kilometers below. Compound-specific stable isotope analysis allowed me to trace both metazoan 

and microbial trophic processes. I found that most microbial alteration occurs in the top 500 m of 

the water column, the products of which support nitrifying archaeal communities. I also 

characterized microbial communities in sediments and in the digestive tracts of deposit-feeding 

echinoderms (sea cucumbers and sea urchins) to understand how microbial and metazoan food 

webs interact. Abyssal deposit feeders showed niche partitioning at two sites in the North Pacific, 

with interspecific differences in their consumption and utilization of fresh phytodetritus versus 

more heavily reworked small particles. More mobile species, especially holothurians capable of 

swimming, were able to consume fresher material, while the slower-moving species appear to 

rely more on microbially reworked detritus. Both small, heavily reworked particles and large, 

fresh particles are important to abyssal fauna, but the smaller particles are not well represented in 

sediment traps. The use of sediment traps to measure flux has therefore led to an underestimation 

of the importance of small particles to the deep benthos. Finally, I looked at changes in deposit 

feeder trophic ecology and gut microbiota throughout a depth gradient from shallow reefs to the 

abyssal plain and found that depth was the major driver of both. Deposit feeder trophic position 

increased from two to three (primary to secondary consumers) within the first 500 m of depth, 

which corresponded to the decline in particulate flux across the same depth range. Deeper-living 

deposit feeders are more reliant on microbial trophic intermediates than their shallow 

counterparts, and as depth increases the dominant gut taxa change. Detritus-based food webs in 

the deep ocean are influenced at multiple levels by microbial reworking, including in the often-

overlooked gut microbiome.
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CHAPTER 1. Introduction 

 



 

 

1.1 Pelagic-benthic coupling and particle export 

 

 The deep ocean is a food-limited environment, characterized by a lack of sufficient light 

for in situ photosynthesis. All deep-sea benthic and pelagic organisms depend on detritus sinking 

from surface waters, with the exception of isolated chemosynthetic habitats (Gibson et al. 2002; 

Smith et al. 2008a). Surface production and energy is transported to the deep sea primarily as 

particulate organic matter (POM), along with dissolved organic matter (DOM) (Alldredge 2000) 

and organic material actively transported by vertically migrating zooplankton and nekton 

(Steinberg and Landry 2017; Saba et al. 2021). Deposit feeders, which are the focus of Chapters 

3 and 4 of this thesis, primarily consume POM, forming the base of deep benthic food webs 

(Roberts et al. 2000; FitzGeorge-Balfour et al. 2010). POM quantity and quality generally 

decrease with depth, driving benthic community biomass, abundance, size structure, diversity, 

and more (Smith et al. 1997, 2008b; Johnson et al. 2007; Sweetman and Witte 2008; Billett et al. 

2010; Huffard et al. 2016). 

The POM that fuels these so-called “brown” food webs (in contrast to photosynthetic 

“green” food webs) is a diverse assortment of phytodetritus (Rice et al. 1986; Beaulieu 2002; 

Richardson and Jackson 2007), fecal pellets (Hofmann et al. 1981; Turner 2015), animal 

carcasses (Lebrato et al. 2013; Smith et al. 2014), and more. As these various types of POM sink 

out of the euphotic zone, they undergo complex transformations, including both remineralization 

and production, by microbial and metazoan communities in the water column (Wakeham et al. 

1984; Alldredge 1998; Mestre et al. 2018). The breakdown and reworking of POM results in 

only 0.5-2% of net primary production reaching abyssal depths (Wakeham et al. 1984; Buesseler 

et al. 2007). Decreasing lability with depth, meanwhile, means that the small proportion of POM 

that reaches the deep sea is composed of refractory compounds that are more difficult for animals 

to break down and digest (Herndl and Reinthaler 2013). Within the category of POM, flux 

magnitude and composition is influenced by particle size, density, and composition (De La 

Rocha and Passow 2007). Larger and denser particles reach the seafloor much faster and retain 

their lability, providing higher quality food to benthic communities (Durkin et al. 2021). These 

include animal carcasses and fecal pellets, which often arrive in irregular pulses following 

surface phytoplankton blooms (Smith et al. 2014; Doherty et al. 2021).  
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The methodologies we use to capture and study POM influence our understanding of the 

importance of various particle types. Moored and drifting sediment traps, which collect 

gravitational flux, have been a valuable tool for quantifying POM flux for decades (Buesseler et 

al. 2000; Honjo et al. 2008). However, they have significant biases, including under-sampling 

horizontally advected and slowly-sinking particles (Buesseler 1991). Zooplankton that actively 

enter traps to feed on the captured material can lead to overestimations of flux (Buesseler et al. 

2000). In contrast, particles can be filtered in situ from the water column, which allows for the 

targeted collection of certain size fractions, including the smaller fractions that are largely missed 

by sediment traps (Buesseler et al. 2000; Bishop et al. 2012). However, in situ filtration captures 

neutrally buoyant particles as well, making it an inaccurate measurement of POM flux. In 

combination with other methods of quantifying flux, such as 234Thorium disequilibrium 

(Buesseler et al. 2006), examining sediment trap material and filtered particles together provides 

a more complete picture of the POM fueling deep-sea food webs. 

 

1.2 Microbial communities influencing pelagic-benthic coupling 

 

 As detritus sinks from the surface to the deep benthos, it is colonized and consumed by 

dynamic communities of microbes, including bacteria, archaea, fungi, and protists (Grossart et 

al. 2003; Salazar et al. 2016; Bochdansky et al. 2017). Particle-associated communities undergo 

complex successional dynamics, with the importance of adaptations to hydrostatic pressure 

increasing with depth (Bartlett 1999; Datta et al. 2016; Pelve et al. 2017; Stephens et al. 2024). 

Due to the different composition and sinking speeds of smaller versus larger particles, microbial 

community composition differs substantially by particle size (Abramson et al. 2010), and also 

between free-living and particle-attached communities (Rieck et al. 2015; Ma et al. 2024). These 

communities heterotrophically break down organic material, decreasing the lability and quantity 

of POM with depth (Herndl and Reinthaler 2013). Additionally, many free-living and particle-

attached bacteria and archaea regenerate organic material through chemolithoautotrophy, 

including sulfur compound oxidation (Swan et al. 2011) and nitrification (Karl et al. 1984). 

Nitrification is common in oligotrophic water columns and is generally a two-step process split 

between ammonia oxidizing archaea, which oxidize NH3 to NO2
-, and nitrifying bacteria that 
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oxidize NO2
- to NO3

- (Mincer et al. 2007; Ward 2008; Martens-Habbena et al. 2009; Church et 

al. 2010). 

 Microbial communities in sediments further transform POM once it reaches the seafloor. 

As in the water column, this includes both heterotrophy (Corinaldesi 2015; Hoffmann et al. 

2017; Hoshino et al. 2020) and chemolithoautotrophy, including nitrification (Begmatov et al. 

2021; Hollingsworth et al. 2021; Zhao et al. 2023). Sediment microbial communities show niche 

partitioning, with certain taxa increasing in abundance in response to pulses of certain types of 

detritus (Hoffmann et al. 2017). As with water column microbes, sediment microbes have the 

potential to both increase and decrease the lability and availability of detrital material for higher 

trophic levels. Deep-sea deposit feeders (DFs) consume not just phytodetritus and other organic 

material originating in surface waters, but also often show evidence of utilizing significant 

bacteria-derived biomass (Neto et al. 2006; Drazen et al. 2008; Rodkina et al. 2023). It can be 

difficult, however, to determine to what extent bacterial contributions to detrital material occur 

during euphotic zone production, particle export through the water column, or once POM 

reaches the seafloor. 

 An additional but often overlooked source of microbial community transformations of 

detritus is within the digestive tracts of animals, particularly detritivores including suspension 

and deposit feeders. Microbes residing in the digestive tracts of animals are derived from their 

diet, as well as often forming distinct communities that benefit from the specific gut environment 

(Benson et al. 2010; Sullam et al. 2012). Gut microbiome composition is dependent on 

environmental factors and animal species, as well as individual variation in immunity and diet 

(Benson et al. 2010; Stagaman et al. 2017; Huang et al. 2020; Li et al. 2023). In the deep sea, 

most gut microbiome studies have occurred in fishes and at chemosynthetic habitats (e.g. Yang et 

al. 2015; Aronson et al. 2016), leading to a lack of knowledge of the identity and functions of gut 

microbiota in detritus-based environments (Osman and Weinnig 2022). The few studies that have 

examined microbiomes in deep detritivores have found gut communities distinct from those in 

the sediment, with the potential to aid in the breakdown of phytodetritus otherwise unavailable to 

animals (Amaro et al. 2009, 2012; Peoples et al. 2024). In Chapters 3 and 4 of this dissertation, I 

examine the gut microbiota of deposit-feeding echinoderms in the deep sea, connecting benthic 

microbial and animal food webs. 

 



5 

 

1.3 Compound-specific stable isotope analysis: a tracer for microbial and metazoan trophic 

dynamics 

 

 The various sizes and types of sinking POM differ in their importance for deep pelagic 

and benthic communities. The utilization of different types of detritus can be quantified using 

natural abundance carbon and isotope composition, whose isotope ratios (δ13C and δ15N) are 

affected by both the origin and trophic dynamics of organic material. Different 

photosynthesizers, such as terrestrial C3 and C4 plants, microplankton, and seagrasses, 

fractionate carbon to different degrees (Larsen et al. 2009). δ15N values of phytoplankton also 

vary spatially and temporally, based on the nitrogen sources available and interspecific 

differences in fractionation associated with assimilation (Rolff 2000). However, trophic 

transformations by bacteria, fungi, protists, and animals all lead to 15N enrichment, making it 

difficult to determine the δ15N value of material at the base of a food using higher trophic level 

material such as animal tissue (McMahon et al. 2015; Steffan et al. 2015; Ohkouchi et al. 2017). 

While less trophic fractionation occurs for carbon (Zanden and Rasmussen 2001), there is often 

overlap in bulk δ13C values among photosynthetic endmembers. 

 Because δ13C and δ15N values are affected by primary production of organic material as 

well as subsequent microbial and metazoan reworking, disentangling these processes can be 

difficult when the isotopic composition of material at the base of a food web is not known, as is 

often the case in the deep sea (Hannides et al. 2013; Gloeckler et al. 2018). Instead of 

determining δ13C and δ15N values in bulk material, quantifying their values in individual amino 

acids gives more insight into the complex trophic dynamics affecting POM and organisms in the 

deep sea. Compound-specific stable isotope analysis of amino acids (AA-CSIA) allows for more 

detailed understandings of trophic dynamics, particularly in environments with multiple potential 

sources of organic material. 

 Essential amino acids (EAAs) cannot be synthesized by metazoan consumers and must 

instead be obtained through their diets. Thus, the δ13C values of EAAs (generally isoleucine, 

leucine, lysine, phenylalanine, threonine, and valine) create a “fingerprint” that allows different 

types of organic matter to be traced through a food web with minimal effects of trophic steps 

(Larsen et al. 2009, 2013; McMahon et al. 2016). Amino acids can also be characterized as 

source or trophic amino acids, distinguished by 15N fractionation during trophic steps. Trophic 
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amino acids undergo metabolic transamination that causes 15N enrichment by up to 10‰ with 

each metazoan trophic step (Mcclelland and Montoya 2002; Ohkouchi et al. 2017). Source 

amino acids, on the other hand, do not have their C-N bonds broken during metazoan 

metabolism, so their δ15N values increase very little throughout animal food webs (Chikaraishi et 

al. 2007, 2009; Ohkouchi et al. 2017). δ15N values of source amino acids (δ15NSAA) can 

distinguish different organic matter sources, such as phytoplankton versus heterotrophic bacteria, 

with their values remaining consistent throughout trophic levels (Hannides et al. 2009, 2013). 

δ15NSAA values are higher in smaller particles, likely due to their slower settling times which 

allow for more microbial heterotrophic reworking and associated isotope fractionation of source 

amino acids (Hannides et al. 2013; Ohkouchi et al. 2017; Gloeckler et al. 2018). Comparisons of 

δ15NSAA values in particles to those of zooplankton and nekton reveals that these small, slowly-

sinking particles make up in the base of mesopelagic and bathypelagic food webs, with smaller 

particles becoming increasingly important with depth and in lower POM flux ocean regions 

(Gloeckler et al. 2018; Romero‐Romero et al. 2020). 

Additionally, we can compare the δ15N values of trophic and source amino acids, 

typically using glutamic acid as the trophic and phenylalanine as the source amino acid, to 

estimate the trophic position of organic material without needing to know the δ15N value of the 

material at the base of the food web (McClelland and Montoya 2002; Chikaraishi et al. 2009). 

This is valuable when studying deep-sea food webs, which may utilize a wide range of detrital 

food sources with differing δ15N values (Hannides et al. 2013). δ15N values of individual amino 

acids can also be used to calculate two indices, degradation index (DI) and ΣV, that provide 

further insight into microbial reworking of organic material. DI uses the selective preservation of 

different AAs based on their abundances in refractory materials such as cell walls to characterize 

the degree of degradation in organic material (Dauwe et al. 1999; McCarthy et al. 2007). The ΣV 

parameter is used as a proxy for total heterotrophic reworking, based on the increasing deviation 

of individual amino acid δ15N values from the average δ15N amino acid value as heterotrophic 

resynthesis leads to increasingly distinct δ15N values among amino acids (McCarthy et al. 2007). 

Combining AA-CSIA analyses, including δ13C EAA fingerprinting, δ15N SAA values, trophic 

position estimates, DI, and ΣV, gives significant insight into food web dynamics in otherwise 

poorly understood ecosystems such as the deep benthos. 
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1.4 Connecting microbial and animal food webs in the deep sea  

 

 Microbial and metazoan food webs exist at different spatial scales and are often studied 

using disparate methodologies. However, they overlap and influence one another in many ways. 

Many primary producers, particularly in the oligotrophic open ocean, are microbial, supporting 

surface food webs as well as deep-sea metazoans via the export of detritus (Thiel et al. 1989; 

Nomaki et al. 2021). Additionally, microbes consume DOM, making it available to higher 

trophic levels via the “microbial loop” (Azam 1998; Herndl and Reinthaler 2013). Microbial 

communities also have close symbioses with individual animal species and organisms, including 

parasitism, commensalism, and mutualism (Osman and Weinnig 2022). In the deep sea, reducing 

habitats such as hydrothermal vents, cold seeps, and whale falls have been the focus of most 

symbiosis studies. In these ecosystems, chemosynthetic microbial communities support abundant 

assemblages of animals that in turn provide a stable habitat maintaining access to electron donors 

and acceptors (Dubilier et al. 2008; Dick 2019). Mutualistic relationships between animals and 

microbes often take advantage of this tradeoff, with the diverse metabolic pathways within 

microbes allowing access to energy sources otherwise unavailable to animals, while animals’ 

complex multicellular body structures provide habitats and environmental engineering (Boucher 

et al. 1982; Chaston and Goodrich-Blair 2010). 

 Gut microbiomes, a major location of animal-microbe symbioses, are the focus of 

Chapters 3 and 4 of this thesis. Many terrestrial herbivores and detritivores have well-known 

symbioses with gut microbiota that help them break down and consume recalcitrant material 

such as cellulose and lignin (Huang et al. 2022). Animals in the deep sea, particularly those that 

consume detritus exported from surface waters, similarly must be able to utilize low-quality food 

such as phytodetritus or fecal pellets that have undergone extensive remineralization and 

repackaging (Ruhl and Smith 2004). Based on the few animals whose gut microbiomes have 

been quantified, specialized gut communities with metabolisms capable of breaking down 

material and supplementing nutrients do occur in the deep sea (He et al. 2018; Peoples et al. 

2024). However, the overall impact of these associations on deep-sea food web structure has 

rarely been considered. 

 As an example of microbial influences on deep-sea metazoan food webs, I focus on the 

relationships between deposit-feeding echinoderms and their gut microbiota. Echinoids and in 

particular holothurians are dominant megafauna in terms of biomass and abundance on much of 
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the deep seafloor (Hessler and Jumars 1974; Kaufmann and Smith 1997; Huffard et al. 2016; 

Amaro et al. 2019; Kuhnz et al. 2020). They consume low-quality detritus that forms the base of 

benthic food webs, with niche partitioning based on movement speeds, tentacle morphology, and 

more allowing diverse communities to exist on abyssal plains (Jumars et al. 1990; Miller et al. 

2000; Iken et al. 2001). In particular, faster-moving echinoderms encounter and consume fresh 

pulses of phytodetritus first, leaving slower-moving species reliant on poorer quality material 

(Lauerman et al. 1997; Pierrat et al. 2022) These interspecific differences in feeding strategies 

allow me to compare the use of gut microbiota between species that consume different types of 

POM. Additionally, their relatively large size allowed me to separate their digestive tracts from 

their bodies, and in some cases provided enough gut material for AA-CSIA. 

 AA-CSIA has revealed that some abyssal deposit feeders are secondary consumers of 

detritus at the high flux Station M (Romero-Romero et al. 2021). δ13C EAA signatures, DI 

values, and ΣV values in gut contents were distinct from those in sediments, leading us to 

hypothesize that gut microbiota act as the primary consumers, with deposit feeders feeding on 

microbial biproducts and/or microbial biomass itself. I continue this work by examining deposit 

feeders from additional sites, including the oligotrophic Station ALOHA as well as throughout a 

full depth gradient from shallow reefs to abyssal plain, to determine whether utilizing gut 

microbiota as trophic intermediates is a widespread adaptation for deposit feeders. deposit feeder 

communities are often diverse, even in areas with low POC flux, likely due to niche partitioning 

on the basis of particle size and quality (Hessler and Jumars 1974).  

 

1.5 Research objectives 

 

 Throughout my three data chapters, I examine the microbial communities associated with 

detrital material that makes up the base of deep-sea food webs, as well as those associated 

directly with deposit feeders via gut symbioses. This dissertation examines how microbes affect 

the limited food source available to deep-sea detritivores. Chapter 2 focuses first on the POM 

that forms the base of deep benthic food webs, characterizing the microbial communities 

associated with sinking detritus and using nitrogen AA-CSIA to quantify microbial and metazoan 

transformations. This chapter extends AA-CSIA to abyssal depths for the first time, using it to 

distinguish multiple types of POM and demonstrate that common methods of capturing particles 
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differ in their capture of each POM type. The primary objective of Chapters 3 and 4 is to 

characterize deposit-feeding echinoderms and their gut microbiota as an example of a microbe-

metazoan symbiosis in a deep-sea detrital food web, with the goal of determining how the 

symbiotic use of microbes differs based on the quantity and quality of POM. Chapter 3 compares 

two abyssal sites with an order of magnitude difference in abyssal flux, while Chapter 4 uses 

depth as a proxy for flux, comparing the trophic ecology and gut microbiome composition of 

deposit feeders across a 4700 m depth gradient around the Hawaiian Islands. This is, to my 

knowledge, the largest depth gradient across which gut microbiota have been compared within a 

single study, which allows me to come to large-scale conclusions about trends in the trophic 

position and gut microbiomes of deposit feeders with depth.  
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2.1 Abstract 

 

Particulate organic matter (POM) produced in surface waters undergoes extensive 

reworking and breakdown by microbial and metazoan communities as it sinks to the abyssal 

seafloor and serves as the base of benthic and pelagic food webs. Here, we examined how 

various size classes of POM in the oligotrophic North Pacific Subtropical Gyre (Station 

ALOHA) and in the eutrophic California Current System (Station M) undergo microbial 

alteration throughout the water column. Compound-specific stable isotope analysis showed that 

sampling method strongly impacts the type of POM quantified as export to the deep sea. Moored 

abyssal sediment traps captured material that matched the isotopic composition of surface POM, 

indicating they collected large, fast-sinking particles, in contrast to the more heavily reworked 

particles collected with in situ filtration at the same depths. Extending δ15N analyses of amino 

acids to bathypelagic and abyssopelagic depths for the first time, we confirmed that most particle 

remineralization and reworking occurs within the upper ~400 m of the water column regardless 

of initial surface productivity. At Station ALOHA, we further used 16S rRNA barcoding to 

characterize the microbial communities associated with the POM. We found that 

chemolithoautotrophic ammonia-oxidizing archaea are abundant in the upper water column at 

Station ALOHA and that their abundance corresponded to regions of high heterotrophic 

reworking as indicated by amino acid isotope analysis.  

 

2.2 Introduction 

 

Particulate organic matter (POM) formed in surface waters sinks through the water 

column, decreasing in quantity and quality such that only a fraction, typically 0.5-2% of primary 

production, ultimately reaches abyssal depths (Buesseler et al. 2007; Grabowski et al. 2019). 

Throughout the pelagic and benthic deep sea, POM forms the base of food webs, supporting a 

diverse array of microbes, protozoans, and metazoans. As such, sinking POM is a critical 

component of matter and energy transport from the surface to the deep sea, along with smaller 

contributions from dissolved organic matter (DOM) (Alldredge 2000), larger pieces of detritus 

such as carrion (Lebrato et al. 2013), and vertically migrating zooplankton and micronekton 

(Steinberg and Landry 2017; Saba et al. 2021). The chemical energy supplied to deep sea 
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environments is controlled, in part, by surface production, with more POM reaching the seafloor 

in areas with higher primary production (De La Rocha and Passow 2007; Mestre et al. 2018) and 

during seasonal, often spring or summer, pulses (Beaulieu 2002; Gooday and Hughes 2002; Karl 

et al. 2012). The quantity and timing of POM export in turn drive benthic community structure 

and dynamics (Smith et al. 2002a; Sweetman and Witte 2008; Smith et al. 2018). 

The quantity and quality of POM that supports deep-sea communities is influenced by several 

factors. In addition to the magnitude and composition of overlying surface production (Beaulieu 

2002; Lutz et al. 2007; Marsay et al. 2015; de Melo Viríssimo et al. 2022), particle flux varies by 

size, density, and composition (De La Rocha and Passow 2007). Sinking particles are 

disaggregated and remineralized by microbial and metazoan communities (Wakeham et al. 

1984), with larger and denser aggregates sinking faster and reaching the seafloor having 

undergone less reworking (Alldredge 1998; Mestre et al. 2018). Different sizes of particles also 

host distinct microbial communities (Duret et al. 2019), which vary by season (Poff et al. 2021) 

and across depth (Pelve et al. 2017). This variety in particle composition complicates our 

understanding of what types of organic flux contribute most to export and food supply for deep-

sea communities. 

POM flux across space and time has often been quantified using surface-tethered, 

bottom-moored, and neutrally buoyant sediment traps, driving our understanding of the flux 

(Buesseler et al. 2000; Honjo et al. 2008) and chemistry (Wakeham et al. 1984) of sinking 

particles throughout the ocean. However, sediment traps have long been known to both over- and 

under-sample certain types of POM, including horizontally advected material and small, slowly-

sinking particles (Buesseler 1991), and can be biased by the activity of zooplankton swimmers 

(Buesseler et al. 2000). Stable isotope analysis of organic carbon and nitrogen has shown that 

small, slowly-sinking and suspended particles, which tend to be under-sampled by sediment 

traps, can be an important food source for lower mesopelagic and upper bathypelagic 

zooplankton and micronekton (Hannides et al. 2013; Gloeckler et al. 2018; Romero‐Romero et 

al. 2020). Work using sediment traps to characterize particle flux may therefore underestimate 

the importance of certain types of POM flux for deep-sea communities, but the extent to which 

this is true for abyssal ecosystems requires study of particles and trap material from 

abyssopelagic depths. In this study, we compare amino acid δ15N values of sediment trap 
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material to POM filtered and size-fractionated from the water column to quantify a range of 

particle types potentially used by deep-sea organisms. 

Chemical transformations of particulate flux are driven, in part, by particle-associated 

microbial communities. The organic material in particles is colonized and remineralized by free-

living, epiphytic, and animal-associated bacteria and archaea, some of which form complex and 

dynamic communities on the surface of particles (Pelve et al. 2017; Boeuf et al. 2019). The high 

concentrations of organic molecules in particles relative to the surrounding water make them 

microbial hotspots, and POM can be thought of as island habitats distinct from the background, 

nutrient-poor water (Herndl and Reinthaler 2013). Particles are first colonized by an initial 

community of bacteria associated with euphotic eukaryotes; however, they are subsequently 

replaced by a diverse communities capable of degrading a variety of substrates (Datta et al. 2016; 

Pelve et al. 2017). Additionally, as particles sink through the water column, microbes adapted to 

increasing pressure and decreasing temperature may become more competitive (Yayanos 1995; 

Martín-Cuadrado et al. 2007; Karl and Church 2017). Particle size influences the communities 

that form; large, fast-sinking particles export surface-derived taxa, while smaller particles form 

more deep-adapted communities (Ma et al. 2024).  

Sinking, and especially suspended particles, across multiple sites show increases in δ15N 

values throughout the top 500 m of the water column due to microbial activity, which shows a 

preference for remineralization of chemical bonds with lower δ15N values (Saino and Hattori 

1980; Altabet et al. 1991). Compound-specific stable isotope analysis of individual amino acids 

(AA-CSIA) is a technique that has allowed novel insights into the transformations and utilization 

of different types of organic material by various organisms and food webs. Amino acids can be 

classified as “source” or “trophic,” with trophic amino acids (e.g., glutamic acid, alanine) being 

isotopically fractionated during heterotrophic metabolism and undergoing enrichment in 15N with 

each trophic step (Mcclelland and Montoya 2002; Popp et al. 2007). By contrast, the nitrogen in 

source amino acids (e.g., phenylalanine, lysine) is isotopically fractionated only by primary 

production and microbial heterotrophy, so the δ15N values of source amino acids remain largely 

unaltered by metazoans. By comparing the δ15N values of trophic and source amino acids, the 

trophic positions associated within metazoans and POM can be estimated without independent 

measurement of the δ15N value of the material at the base of the food web (Chikaraishi et al. 

2007, 2009; Popp et al. 2007). Additionally, the δ15N values of source amino acids will vary 
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based on the composition of particles as well as their transformations by microbial communities, 

allowing us to distinguish particles of different size classes and trace their changes as they sink 

throughout the water column (Hannides et al. 2013; Gloeckler et al. 2018; Romero‐Romero et al. 

2020; Wojtal et al. 2023). Certain amino acids, such as threonine and alanine, when normalized 

to the δ15N value of phenylalanine, form distinct clusters of δ15N data that can be used in mixing 

models to distinguish types of POM such as fecal pellets (Doherty et al. 2021; Wojtal et al. 

2023). These analyses have expanded our understanding of upper ocean export processes but 

have not previously been extended through the water column to the abyssal seafloor. 

Free-living and particle-attached microbial communities are responsible for significant 

transformations of sinking organic material, as evidenced by increasing δ15N values with depth 

(Altabet et al. 1991; Smith et al. 2002b), particularly of source amino acids (Gloeckler et al. 

2018; Wojtal et al. 2023), but the specific taxa responsible for these changes have not been 

identified. Here, we examine microbial community composition in the context of stable isotope 

transformations in size-fractionated particles at Station ALOHA, an oligotrophic site in the North 

Pacific Subtropical Gyre (NPSG). In general, microbial communities in the NPSG are highly 

depth-stratified with minimal temporal variability and community composition driven by light 

and nutrient concentrations (DeLong et al. 2006; Mende et al. 2017, 2019). In NPSG surface 

waters, bacterial communities include large numbers of Cyanobacteria, particularly 

Prochlorococcus spp. (DeLong et al. 2006; Mende et al. 2019; Reintjes et al. 2019). Below the 

euphotic zone, there is a sharp change in microbial community composition towards 

heterotrophic taxa, although Cyanobacteria DNA from presumably dead or inactive individuals is 

observed throughout the water column to abyssal depths (Mende et al. 2017, 2019). Additionally, 

dark chemolithoautotrophy creates newly fixed organic material in the mesopelagic zone (Karl et 

al. 1984; Ingalls et al. 2006). In oligotrophic NPSG sites such as Station ALOHA, ammonia-

oxidizing archaea and bacteria perform nitrification and regenerate nitrate in the upper water 

column (Dore and Karl 1996; Ingalls et al. 2006). With increasing depth, microbes tend to have 

genomes indicative of increasingly particle-attached rather than free-living lifestyles (DeLong et 

al. 2006; Zhao et al. 2020). In general, particle-attached and free-living communities follow 

different patterns in community composition, depth distribution, and diversity, meaning that 

sampling method can have a large influence on results (Mestre et al. 2018; Boeuf et al. 2019b; 

Mende et al. 2019; Comstock et al. 2024). 
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This study seeks to further our understanding of POM export, with a focus on the 

composition, colonization, and changes of associated microbial communities as material sinks 

from the euphotic zone to abyssal waters. We compare these processes using amino acid 

compound-specific stable isotope analysis to quantify trophic changes and POM remineralization 

at Station ALOHA and at the more eutrophic and seasonally variable Station M, located in the 

California Current Ecosystem. At both sites, abyssal communities depend on POM exported 

from the euphotic zone. Here, we seek to better understand how microbial and metazoan 

transformations of the sinking material differ between the two contrasting productivity regimes. 

At Station ALOHA, we also use DNA barcoding to identify the bacterial and archaeal 

communities that potentially drive these changes. By characterizing how POM is transformed by 

microbial communities throughout the full water column, including the less understood 

bathypelagic and abyssopelagic, we contribute to an understanding of the different types of 

detritus that fuel deep-sea food webs. 

 

2.3 Methods 

 

2.3.1 Sample Collection 

Sinking and suspended particles were collected from two abyssal sites in the Northeast 

Pacific, Station ALOHA and Station M. Station ALOHA (22°45’N, 158°W) is located within the 

NPSG, an oligotrophic site with a distinct summer export flux mediated by diazotrophs (Karl and 

Lukas 1996; Karl et al. 2021). By contrast, Station M (34°50’N, 123°00’W) is located within the 

California Current Ecosystem and experiences high productivity and pronounced seasonality 

(Smith and Druffel 1998; Smith et al. 2018). Collections at Station ALOHA occurred in February 

2014, August 2014, July 2019, January 2020, and July 2020, while collections at Station M 

occurred in April and October 2019 (Table 1). 

At both sites, we deployed sediment traps at 50 and 600 meters above the bottom (mab) 

at depths of approximately 3400 and 3950 m at Station M and 4100 and 4650 m at Station 

ALOHA (Table 1). These depths have been chosen to mimic historical sampling where 50 mab 

represents the near seafloor flux but with the possibility of sediment resuspension, while 600 

mab represents a depth above the benthic boundary layer and thus is most likely free from 

resuspended sediments (Smith et al. 2013). Traps contained 5% formaldehyde in filtered 
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seawater to prevent additional microbial activity on captured material. McLane Parflux sediment 

traps (Mark 78H with 0.65m2 collection area) were deployed at Station ALOHA from March 

2019 to February 2020 with an average (but varying) sample frequency of 14 days. Trap 

sampling at Station M occurred with 16-day sampling frequency over the period of this study. 

Unfortunately, the traps became clogged by a pulse of detritus in early April 2019 just prior to 

reservicing. During the subsequent deployment a failure in the trap mooring string caused a 

prerelease and loss of the existing samples. As such, no samples were collected concurrent with 

the October 2019 cruise and in situ particle collections.  

In addition to the sediment traps, we collected particles using in situ filtration by McLane 

pumps in 2019 and 2020. The pumps were equipped with mini-MULVS filter holders (Bishop et 

al. 2012) with three tiers of filters (140 mm diameter) to fractionate particles into three size 

classes: large (>53 μm, acid-cleaned Nitex mesh filters), small (1-53 or 0.7-53 μm, precombusted 

QMA quartz or GF/F glass microfiber filters), and submicron (0.3-1 μm, precombusted GF75 

glass microfiber filters). This method is intended to exclude motile metazoans but capture all 

other non-motile material in the water column (Bishop et al. 2012). Depending on depth, 371-

6708 L of seawater were filtered. Upon recovery, large particles were washed off of the Nitex 

filters using 0.2 μm-filtered seawater and captured on 25 mm diameter QMA or GF/F filters. At 

Station ALOHA, 25 mm punches were taken from GF75 and QMA filters for DNA, 234Th and 

bulk carbon and nitrogen content and isotope analysis. All filters were then frozen at -80°C. Data 

from filtered particles collected in 2014 and analyzed for compound-specific stable isotope 

analysis are shown for Station ALOHA samples from 25 – 1200 m. These samples were 

collected and analyzed using similar methods, and were previously reported in Gloeckler et al. 

(2018). 
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1Table 2.1 Sample types, analyses, and collection locations and dates. 

Sample type and location Analyses Depth range Collection dates 

Station ALOHA    

     Size-fractionated particles AA-CSIA, 234Th 

disequilibrium 

25 – 1200 m February, August 2014 

(Gloeckler et al. 2018) 

 AA-CSIA 1500 – 4650 m July 2019; July, January 

2020 

 16S rRNA barcoding 25 – 4650 m July 2020 

     Abyssal sediment traps AA-CSIA, carbon flux 4100, 4650 m March 2019 – January 

2020 

      16S rRNA barcoding 4000 m July 2014, 2015, and 2016 

(Li et al. 2023) 

Station M    

     Size-fractionated particles AA-CSIA, 234Th 

disequilibrium 

25 – 3950 m April/May 2019, October 

2019 

     Abyssal sediment traps AA-CSIA, carbon flux 3400, 3950 m March 2018 – April 2019 

 

2.3.2 Surface particle fluxes 

Total 234Th measurements were collected as described in Umhau et al. (2019). Briefly, 2L 

water samples were collected from the upper 400 m of the water column using Niskin bottles, 

spiked with 230Th as a yield tracer at a pH ~1, allowed to equilibrate, and a mixture of KMnO4-

KMnO4 and MnCl2 added to co-precipitate Th with MnO2 after increasing the pH to ~8. 

Precipitates were filtered onto 25 mm QMA filters, air dried and measured with a low level 

RISO beta within two weeks of sample collection. Measurements were also taken on 25 mm 

punches of size-fractionated particles filtered as described above. Samples were recounted 6 

months later for background measurement and total Th recoveries were chemically digested and 

measured using ICP-MS (Pike et al. 2005). Resulting 234Th activities were used in a steady state 

234Th model to determine export fluxes that were converted to sinking PC fluxes using the C/Th 

ratio measured on size fractionated particles (Umhau et al. 2019). 

Additional estimates of euphotic zone C flux at Station M were determined using the 

satellite-derived export flux algorithm developed by Kahru et al. (2020). At Station ALOHA, free 

floating particle interceptor traps deployed at 150 m for 3 days and poisoned with 5% formalin as 

part of the Hawaii Ocean Time-series observations were also used to measure POM flux. 
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2.3.3 Amino acid compound-specific stable isotope analysis 

QMA and GF75 filters were freeze dried, and AA-CSIA was performed as described in 

Hannides et al. (2009). Briefly, samples were hydrolyzed with 6 N HCl and purified with a 

cation exchange column. They were then esterified using a 4:1 isopropanol:acetyl chloride mix 

and derivatized with a 3:1 methylene chloride:trifluoroacetyl anhydride mix. The resulting 

tifluoroacetyl and isopropyl ester derivates were purified with chloroform extraction and 

acetylated a second time to ensure complete derivatization and stored at -20°C until analysis. 

Individual amino acid δ15N values were measured using a Thermo Scientific Delta V Plus IRMS 

interfaced to a trace gas chromatograph fitted with a 60 m BPx5 capillary column through a GC-

C III combustion furnace (980°C), reduction furnace (680°C), and liquid nitrogen cold trap. 

Internal reference materials norleucine and aminoadipic acid, with known isotopic compositions, 

were co-injected with each sample. Every three sample injections, a full suite of 14 amino acid 

reference compounds, in which the δ15N values were known through analysis of pure compounds 

using an elemental analyzer interfaced with an IRMS (Hannides et al. 2020)  and intercalibrated 

with colleagues at three University laboratories, was injected for quality assurance. δ15N values 

were normalized using a linear regression between the measured δ15N values and known δ15N 

values from the reference suite for each amino acid. The uncertainty for each amino acid value 

was calculated as the standard deviation of three injections, where sufficient material allowed.  

 

2.3.4 Stable isotope data analysis 

δ15N values of source amino acids (δ15NSAA) were calculated as the average δ15N values 

of phenylalanine and lysine. While other source amino acids are often included, due to the low 

amounts of amino acids in our deepest samples only lysine and phenylalanine were consistently 

detected in high enough amounts across all samples. Trophic position (TP) was calculated as in 

Chikaraishi et al. (2009): TP = (δ15NGlx – δ15NPhe – 3.4)/7.6 + 1, where δ15NGlx and δ15NPhe are the 

δ15values of glutamic acid (Glx, including the contribution of glutamine) and phenylalanine 

(Phe) in the sample. 3.4±1‰ is the difference between δ15NGlx and δ15NPhe in primary producers 

(β), and 7.6±1‰ is the trophic discrimination factor (TDFAA). The uncertainty in the TP values 

was calculated as the propagated error (Ohkouchi et al. 2017). 

We used the ΣV parameter as a proxy for heterotrophic resynthesis of amino acids, 

defined as the average deviation of δ15N values of trophic AAs from their mean value. ΣV values 



19 

 

incorporate bacterial heterotrophy in addition to the eukaryotic trophic steps reflected in trophic 

position estimates (McCarthy et al. 2007). ΣV was calculated as ΣV = 1/n Σ Abs(χi), where n is 

the total number of AAs used for the calculation and χi is the deviation of the δ15N value of 

amino acid i from the mean δ15N value of the n amino acids [δ15Ni – (Σ δ15Ni)/n]. We used the 

amino acids alanine, valine, isoleucine, proline, aspartic acid, and glutamic acid to calculate ΣV.  

We used MixSIAR (Stock et al. 2018) to create a Bayesian mixing model based on the 

endmembers of Doherty et al. (2021), utilizing δ15N values of threonine and alanine normalized 

to the δ15N values of phenylalanine as in Wojtal et al. (2023). These endmembers include 

zooplankton collected from the upper 200 m in multiple ocean regions, fecal pellets generated by 

captured zooplankton, cultured prokaryotic and eukaryotic phytoplankton, and high molecular 

weight DOM and POM filtered from the upper 1000 m of the water column near the coast of 

Kona, Hawai‘i (McCarthy et al. 2013; Yamaguchi and McCarthy 2018; Doherty et al. 2021). For 

our purposes, we combined the zooplankton and fecal pellets into one “zooplankton-influenced” 

endmember. 

 

2.3.5 16S rRNA microbial community barcoding 

Environmental DNA was isolated from size-fractionated particle samples using a DNeasy 

PowerWater Kit. The hypervariable V4-V5 region of the 16S rRNA gene was amplified via PCR 

using the primers 515f (GTGYCAGCMGCCGCGGTAA) and 808rB 

(GGACTACNVGGGTWTCTAAT). Each PCR reaction contained 2.5 µL environmental DNA 

(5-370 ng/µL), 5 µL forward and 5 µL reverse primer (1 µM), and 12.5 µL 2x PlatinumTM Hot 

Start PCR Master Mix (Invitrogen, catalog #13000014). PCR amplification was as follows: 95°C 

for 3 minutes; 30 cycles of 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds; 

72°C for 5 minutes, and hold at 4°C. The resulting PCR products were sequenced using an 

Illumina MiSeq platform at the Advances Studies in Genomics, Proteomics, and Bioinformatics 

at the University of Hawai‘i at Mānoa. Station ALOHA 4000 m sediment trap 16S rRNA data 

were collected and reported previously in Li et al. (2023). 

 

2.3.6 Community barcoding data analysis 

16S rRNA sequences were analyzed using DADA2 version 1.28.0 (Callahan et al. 2016), 

implemented in R version 4.3.0. Briefly, quality scores were calculated based on error rates, and 
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reads were filtered according to the following parameters: maximum of 2 expected errors and 

minimum length of 240 bases for forward reads and 160 bases for reverse reads. The reads were 

then dereplicated, and consensus quality scores were constructed and used in a denoising 

algorithm to infer error rates and distinguish sequencing errors from true sequence variations. 

The resulting amplicon sequence variants (ASVs) had chimeras removed and were assigned 

taxonomy using the Silva 138.1 prokaryotic SSU taxonomic training data (McLaren and 

Callahan 2021). 

 

2.3.7 Statistical analysis 

Statistical analyses were performed in R version 4.3.0 using the package vegan (Oksanen 

et al. 2024). We used analysis of variance (ANOVA) to determine whether stable isotope 

parameters (δ15N values and trophic position) varied by particle type (water column submicron, 

small, and large particles and those captured in sediment traps) and depth. To distinguish samples 

based on microbial community composition, we used a Principal Coordinate Analysis (PCoA) 

based on a Bray-Cutis dissimilarity matrix calculated at the ASV level. We used permutational 

analysis of variance (PERMANOVA) to investigate whether microbial community composition 

differed by particle type and depth. To relate the isotopic and microbial community data, we 

performed a probabilistic Principal Component Analysis (PCA) based on δ15N values of five 

source amino acids (phenylalanine, lysine, serine, tyrosine, and glycine) then fit the relative 

abundance of each ASV as vectors onto the ordination as a linear trend surface using the R 

package envfit (Oksanen et al. 2024). ASVs with P < 0.05 were considered to have their 

abundance significantly correlated with changes in δ15NSAA values. 

 

2.4. Results 

 

2.4.1 Carbon flux 

Total PC flux, as measured with sediment traps and satellite-derived estimates, was an 

order of magnitude higher at Station M than at Station ALOHA at both 150 m and 600 mab (Fig. 

2.1). The 150 m water depth was chosen to fall below the mixed layer during all seasons at both 

sites based on temperature profiles, and 600 mab was chosen as an abyssal measurement that 
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would not be influenced by benthic boundary layer effects. While PC flux measured using 

234Th:238U disequilibria at 150 m was near or below the detection limit (< 300 dpm m-2 d-1) 

during both sampling periods at Station M, satellite-derived estimates show a late summer 

increase in PC export that occurred shortly after our pump sampling (Fig. 2.1a). While we do not 

have abyssal flux measurements concurrent with pump sampling at Station M, sediment trap 

fluxes from the previous year and the 10-year average show that surface export is reflected in 

summertime abyssal flux increases (Fig. 2.1c). At Station ALOHA, 234Th-derived PC flux at 150 

m was 17.25 ± 11.66 and 9.99 ± 2.30 mg C m-2 d-1 in summer 2019 and 2020, respectively, while 

in winter 2020 it was below the detection limit (Fig. 2.1b). We compared 234Th derived PC fluxes 

with PC fluxes measured from drifting sediment traps at 150 m at Station ALOHA as part of the 

Hawai‘i Ocean Time-series, which showed similar summer export pulses occurred during our 

pump sampling in 2014 and 2019 (Fig. 2b). Particle flux pulses were also seen during both years 

in abyssal sediment traps (Fig. 2.1d). While we do not have shallow or deep trap estimates of 

flux during 2020 at Station ALOHA, the ten-year averages reveal that 2014 and 2019 followed 

typical flux patterns (Fig. 2.1b, d). 

 

2.4.2 Compound-specific stable isotope analysis 

Some samples, particularly those from abyssal depths, did not have sufficient material to 

analyze in triplicate. For these, we assumed a conservative ± 1‰ error for δ15NSAA values as in 

Doherty et al. (2021) and Wojtal et al. (2023). At both sites, average δ15N values of the source 

amino acids lysine and phenylalanine (δ15NSAA) differed between particle size fractions (two-way 

ANOVA; Station M, F = 6.98, P = 0.0042; Station ALOHA, F = 12.92, P < 0.001) and over depth 

(two-way ANOVA; Station M, 4.32, P = 0.0074; Station ALOHA, F = 7.37, P < 0.001), although 

there was not an interaction between particle size and depth (two-way ANOVA, P > 0.05). For 

this analysis, depths were binned into 25, 50, 75, 100, 150, 200, 250, and 400 m, with all deeper 

samples grouped together, as the top 400 m is where the greatest change occurred (Fig. 2.2a, d). 

δ15NSAA values in filtered particles generally increased with depth within the upper 400 m, with 

the largest increases occurring in the submicron and small size fractions at Station ALOHA (Fig. 

2.2g). Throughout the water column, the largest particles (>53 µm) had lower δ15NSAA values 

than the submicron and small size fractions (Fig. 2.2a). This trend was consistent throughout the 

water column at Station ALOHA despite the time lag of samples <1200 m collected in 2014 and 
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samples >1500 m collected in 2019 and 2020. The material captured in sediment traps moored at 

600 and 50 mab had lower δ15NSAA values than any of the size fractions of particles filtered at the 

same depth. Instead, sediment traps at both sites captured material with similar δ15NSAA values to 

filtered particles at the surface (Fig. 2.2g). For both sediment trap and filtered POM and within 

each size class, the POM from 50 mab had higher values than that from 600 mab (Fig. 2.2a, d). 

There were no significant seasonal differences in δ15NSAA values at either site (Student’s t-test, P 

> 0.05). 

At both sites, the estimated trophic position varied between particle size (two-way 

ANOVA; Station M, F = 5.26, P = 0.012; Station ALOHA, F = 5.27, P = 0.0015) but was not 

significantly influenced by depth (two-way ANOVA, F = 0.638, P > 0.05). Trophic levels 

reached maximum values of around 2 within the euphotic zone and then stayed consistent 

throughout the water column within a size class, with some notable exceptions (Fig. 2.2b, e). At 

Station M, the large particles had a trophic level of 2.26 ± 0.09 at 100 m, which decreased to 

0.99 at 1500 m (Fig. 2.2b). The trophic levels of sediment trap material from Station M were 

higher than those of any of the filtered particles, ranging from 2.05 ± 0.05 to 3.18 ± 0.09, except 

the large particles at 50 and 600 mab in Fall 2019 (Fig. 2.2b). Similarly, at Station ALOHA the 

highest trophic levels were found in bathypelagic large and small particles from July 2020 and 

sediment trap material from all seasons, although these trophic levels were not as high as those at 

Station M, with the highest values being 2.25 ± 0.05 in the sediment trap 50 mab in July 2019 

and 2.56 in large particles at 1500 m in July 2020 (Fig. 2.2e). As with δ15NSAA values, no 

seasonal differences in trophic level were observed (Student’s t-test, P > 0.05) and values 

remained generally consistent below 500 m despite the six-year time difference in sample 

collection (Fig. 2.2d, g, Table 2.1). 

The ΣV parameter, an estimate of heterotrophic amino acid resynthesis, followed similar 

patterns to the δ15NSAA values, increasing in the euphotic zone and then remaining similar within 

each particle size fraction (Fig. 2.2c, f). Additionally, sediment trap material had lower ΣV values 

than filtered particles at depth except for small particles at Station M (Fig. 2.2c). No seasonal 

differences in ΣV were found at either site (t-test, P > 0.05), and while values at Station ALOHA 

changed with depth, particularly in the large size fraction (Fig. 2.2f), there were no overall 

differences in the samples collected in 2014 versus 2019 and 2020. 
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A Bayesian mixing model based on that of Doherty et al. (2021) revealed that the 

particles had varying proportions of microbially degraded organic matter, 

phytoplankton/phytodetritus, and zooplankton carcasses/fecal pellets. Overall, the large particles 

had the highest proportions (up to 52.5%) of zooplankton-derived material, while submicron and 

small particles near the surface had the most phytoplankton/phytodetritus components (up to 

47.7%) (Fig. 2.3). Both filtered particles and sediment trap material had high proportions of 

microbially degraded organic matter, between 36.5 and 77.9% (Fig. 2.3). At Station ALOHA, 

particle types differed in their proportion of phytoplankton/phytodetritus (one-way ANOVA, F = 

6.76, P < 0.001) and zooplankton-derived material (one-way ANOVA, F = 9.21, P < 0.001), but 

not microbially degraded material (one-way ANOVA, P > 0.05). At Station M, particle types 

differed only in proportion of microbially degraded material (one-way ANOVA, F = 9.21, P = 

0.0028). 

 

2.4.3 Microbial community analysis 

Among 18 samples of filtered POM, 16S rRNA sequencing yielded 1,738,683 reads, with 

718 to 187,180 reads per sample. After filtering and trimming 1,440,267 reads were left. The 

paired reads were merged, and 50.3% were removed as chimeras. This resulted in 8,333 ASVs 

from 18 samples being used for the following analyses. Alpha diversity was similar among most 

samples, with low outliers being the 0.3-1 µm particles at 1500 and 4100 m, using both the 

Shannon and Simpson indices (Supplemental data). a 

The phyla Cyanobacteria, Proteobacteria, and Thaumarchaeota were the most abundant 

among all the samples, with Cyanobacteria dominating euphotic 0.3-1 µm and 1-53 µm samples 

and Thaumarchaeota being most prominent in 0.3-1 µm mesopelagic and 1-53 µm abyssopelagic 

particles (Fig 4a-c). Most Thaumarchaeota were members of the Nitrosopumiliaceae family, 

while at the genus level most Cyanobacteria ASVs belonged to Prochlorococcus spp. 

Proteobacteria were abundant throughout the water column, making up at least 25% of ASVs in 

almost all samples (Fig. 2.4a-c). Community composition in moored sediment trap samples, 

collected in 2014-2016 and presented previously in Li et al. (2023), differed from the filtered 

samples, with similar contributions of Proteobacteria, but a much larger proportion of 

Epsilonproteobacteria (Fig. 2.4d). Microbial community composition was influenced by depth 
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(PERMAOVA, F = 2.69, P = 0.002), but not by particle size (PERMANOVA, F = 1.22, P > 0.05) 

(Fig. 2.5). 

 

2.4.4 Microbial community relationships with stable isotope values 

We created a probabilistic PCA of the samples based on δ15N values of the source amino 

acids glycine, serine, phenylalanine, tyrosine, and lysine, which loosely grouped the samples by 

particle size (Fig. S1). The probabilistic PCA allowed us to include all five amino acids despite 

missing values for some amino acids in some samples (Table S1). Of the 8,333 unique ASVs 

detected among all particle samples, 58 were significantly correlated with isotopic principal 

components when their abundance was considered as environmental vectors (multiple 

regression, P < 0.05). 49 of the 58 significant ASVs were within the archaeal Nitrosopumilaceae 

family (Table S1). When all amino acids, including both trophic and source AAs, were used to 

create the probabilistic PCA, 143 ASVs were significantly correlated as environmental vectors. 

None were Nitrosopumiliaceae (Fig. S1). Instead, 122 were Cyanobacteria. 

We further used general linear models to determine the relationship between the 

abundance of the family and isotopic values. We found that δ15NSAA values had a positive 

correlation with Nitrosopumiliaceae abundance in the euphotic and mesopelagic zones (Linear 

Regression, F = 17.23, P = 0.006), but not when abyssopelagic samples were included (Linear 

Regression, F = 0.64, P > 0.05). To determine whether this correlation was only due to changes 

with depth, we tested the correlation of both family and isotopic values with depth. The 

abundance of Nitrosopumilaceae was positively correlated with depth in the euphotic and 

mesopelagic zones (Linear Regression, F = 7.64, P = 0.020) but not when abyssal samples were 

included (Linear Regression, F = 0.93, P > 0.05) (Fig. 2.6). In contrast, δ15NSAA values were 

positively correlated with depth across the whole water column (Linear Regression, F = 4.99, P = 

0.047).  
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1Figure 2.1. Total C flux at a, b) 150 m and c, d) 600 mab, as measured using satellite-derived 

estimates (squares), 234Th disequilibrium (triangles), and sediment traps (circles; drifting traps at 

150 m and moored traps at 600 mab). At Station ALOHA, trap data from 2014 (filled circles) are 

overlaid on the 2019 data. Gray shaded regions show the 10-year average ± standard deviation 

(2010-2019) for a) satellite-derived estimates, b) drifting sediment traps, and c, d) moored 

sediment traps. Blue bars indicate filtered particle sampling periods during 2019 and 2020. 
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2Figure 2.2. a, d) δ15NSAA values, b, e) estimated trophic levels, and c, f) ΣV parameter of 

filtered particles and sediment trap material from a-c) Station M and e-f) Station ALOHA. g) 

δ15NSAA values standardized to the values at 25 m within each size class, site, averaged between 

the seasons. Error bars show a, d) the average analytical error of lysine and phenylalanine, b, e) 

propagated error, and g) standard deviation, where available. Note the scale changes on the y 

axes. 
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3Figure 2.3. δ15N values of threonine and alanine, normalized with phenylalanine as in Doherty 

et al. (2021). The mean and standard deviation of each endmember from Doherty et al. 

(zooplankton plus zooplankton fecal pellets, microbially degraded organic matter, and 

phytoplankton/phytodetritus) are overlaid on our particle data at a) Station M and b) Station 

ALOHA. c-e) The results of a Bayesian mixing model using the endmembers of Doherty et al., 

with error bars showing standard deviation. 
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4Figure 2.4. Taxomonic assignments of ASVs at Station ALOHA as a percentage of sequences 

from sediment traps and particles size fractionated to a) submicron 0.3-1 μm, b) small 1-53 μm, 

and c) large >53 μm. d) Material captured in abyssopelagic sediment traps in July 2014, 2015, 

and 2016, from Li et al. (2023). Taxonomic assignments shown are the 25 most abundant 

families and 10 most abundant phyla among all samples. 
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5Figure 2.5. Principal Coordinate Analysis (PCoA) based on Bray-Curtis dissimilarity matrix of 

ASV abundances, showing differences in microbial community composition. Points are colored 

by depth and shapes indicate particle size. 

 

 

6Figure 2.6. Proportion of ASVs in filtered particle samples assigned to the Nitrosopumilaceae 

family and the corresponding δ15NSAA values for those samples. Points are colored by depth and 

shapes indicate particle size. Linear regression is shown taking into account only the points from 

<1500 m, y = 33.89x – 0.39. 
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2.5 Discussion 

 

Sinking POM flux is a key mechanism of carbon export and provides energy to deep-sea 

food webs. Transformations of particles below the euphotic zone, however, have been poorly 

characterized. We quantified particle transformations and associated microbial communities 

throughout the water column, from the surface to the abyssal plain. We compared POM captured 

in moored sediment traps, a sampling methodology that has frequently been used to quantify 

flux, with size-fractionated particles filtered in situ at two sites in the North Pacific with 

contrasting productivity. Sediment traps disproportionately captured material that isotopically 

resembled surface particles, suggesting they primarily capture large and/or fast-sinking flux. 

Additionally, we combined compound-specific stable isotope analysis with 16S rRNA barcoding 

and found that the abundance of ammonia-oxidizing archaea in the lower euphotic and upper 

mesopelagic at Station ALOHA was associated with increasing δ15N values of source amino 

acids, linking microbial recycling of organic material to areas of the upper water column with 

high amounts of remineralization. 

 

2.5.1 Isotopic indications of microbial reworking of sinking POM 

Sediment trap, thorium disequilibrium, and satellite-derived estimates of flux at Station 

M and Station ALOHA supported our understanding of the differences between the two sites, 

with an order of magnitude more carbon reaching the abyssopelagic at Station M (Fig. 2.1). 

While both sites showed seasonality in export magnitude, the differences between low and high 

flux seasons were greater at Station M (Fig. 2.1). The large seasonal differences at Station M 

were reflected in the isotopic composition of sediment trap material, with higher δ15NSAA values 

in the fall, the higher flux season (Fig. 2.2a). Higher δ15NSAA values may be indicative of more 

microbial remineralization (Hannides et al. 2013), as well as changes in the dominant primary 

producers or utilization of surface nitrate (Casciotti et al. 2008; Décima and Landry 2020). We 

did not find consistent seasonal differences in the size-fractionated particles at Station M, nor in 

any of the similarly sampled time points at Station ALOHA (Fig. 2.2). This suggests that while 

the magnitude of flux is seasonally variable at both sites, the processes of POM production and 

remineralization remain consistent throughout the year. 
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We found an overall trend of increasing δ15NSAA values with depth, although the increase 

was primarily confined to the top 250 m of the water column (Fig. 2.2). Increases in δ15N values 

of source amino acids indicate microbial, but not metazoan, reworking of organic material due to 

heterotrophic breaking of C-N bonds and, in some cases, de novo synthesis by chemotrophic 

microbes (Hannides et al. 2013; Ohkouchi et al. 2017). At Station ALOHA, samples from depths 

1200 m and above were collected in 2014, while samples from 1500 m and below were collected 

in 2019 and 2020. Despite this time gap, the δ15NSAA values, trophic positions, and ΣV values 

remained generally consistent within each size fraction (Fig. 2.2d-f). This consistency suggests 

that although δ15NSAA values in surface water samples can exhibit seasonal variability, these 

values converge at depth with minimal variation between 1200 m and abyssal depths (Hannides 

et al. 2009). Notably, smaller size fractions exhibited larger increases in δ15NSAA values, likely 

due to slower sinking speeds, which allow for greater reworking (Guidi et al. 2008).  

Submicron and small particles underwent greater increases in δ15NSAA values at Station 

ALOHA than at Station M, suggesting less efficient export and more microbial reworking at the 

oligotrophic site (Fig. 2.2g; Henson et al. 2012). A mixing model based on Doherty et al. (2021) 

indicated that microbially reworked organic matter is a major component of POM at both sites, 

but the extent of microbial degradation is greater at Station ALOHA (Fig. 2.3d). The larger 

surface export fluxes at Station M seem to be largely captured in the deep moored sediment 

traps, while the smaller surface fluxes at Station ALOHA undergo more remineralization as 

indicated by larger relative increases in δ15NSAA values (Fig. 2.2g). At both sites, the greatest 

changes in δ15NSAA values and trophic position occurred within the upper ~400 m, with smaller 

subsequent changes throughout the rest of the water column (Fig. 2.2), suggesting that the lower 

euphotic and upper mesopelagic zones are where the majority of POM remineralization takes 

places. Similarly large changes in δ15NSAA values with depth in the upper ~400 m have also been 

observed in the central equatorial Pacific and in the northeast Pacific (Romero‐Romero et al. 

2020; Wojtal et al. 2023). 

At both sites, sampling method (in situ filtration versus moored sediment traps) had a 

strong influence on the characteristics of POM captured as reflected in stable isotope values. The 

material captured in sediment traps near the seafloor had lower δ15NSAA values and higher 

trophic levels than particles filtered in situ from comparable depths during similar times (Fig. 

2.2). Instead, sediment trap material had isotopic values more closely matching filtered particles 
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from surface waters, or in the case of Station M, large particles in the mesopelagic zone (Fig. 

2.2a, d). Moored sediment traps are known to under-sample small, slowly-sinking particles 

(Buesseler et al. 2000; Honjo et al. 2008). Our data support these findings, as large filtered 

particles with similar δ15NSAA values to the sediment trap material likely sank much faster than 

the smaller size fractions (Guidi et al. 2008). The combination of low δ15NSAA values and high 

trophic levels (up to 3 at Station M) also indicates that the material captured in sediment traps 

may be mostly metazoan-derived, such as from zooplankton fecal pellets, consistent with 

previous reports (Boeuf et al. 2019). On the other hand, results of a mixing model based on δ15N 

values of threonine and alanine indicated that the sediment trap material was largely composed 

of microbially degraded POM, especially at Station M; however this may be because sediment 

trap values fall outside the range of any of the three endmembers (Fig. 2.3a). Doherty et al. 

(2021) measured epipelagic zooplankton and their freshly produced fecal pellets, while fecal 

pellets originating in surface waters but captured in abyssal sediment traps would have time to 

undergo degradation by both gut-derived and water column bacteria. Additional fecal pellets 

produced by zooplankton below the euphotic zone may also contribute to the material captured 

in sediment traps.  

Taken together, our different isotopic analyses suggest somewhat contradictory results as 

to the type of material we captured in sediment traps: low δ15NSAA values suggest sediment trap 

material matched large and fast-sinking particles similar to surface particles, trophic positions of 

2-3 indicate metazoan-derived material, the threonine/alanine mixing model suggests microbially 

degraded material, while relatively low ΣV values indicate minimal microbial reworking (Fig. 

2.2, 2.3). These AA-CSIA analyses were developed mainly in shallow water systems and may 

not account for some of the unique microbial pathways that occur in the deep sea. In particular, 

the “microbially degraded” endmember we used in the alanine/threonine mixing model was 

based on only four measurements of DOM at a maximum depth of 915 m (Doherty et al. 2021). 

This method of distinguishing types of organic material could have improved utility and 

applicability by incorporating additional DOM samples from greater depths, different ocean 

regions, and taking into account the wide variety of microbial metabolic pathways and their 

impact on δ15N values of amino acids (Ohkouchi et al. 2017).  

Regardless, the isotopic differences between the deep moored sediment trap material and 

filtered particles suggest that sediment traps, one of the primary methods of quantifying and 
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identifying the export flux that supplies food to abyssal communities, do not capture a more 

heavily degraded proportion of the POM in the abyssopelagic that could be used as an additional 

food source by benthic abyssal ecosystems. Differences in the δ15NSAA values of sediment trap 

materials and in situ filtered particles have important implications for interpreting the POM that 

sustains deep-sea communities. Romero-Romero et al. (2021) reported the average δ15NSAA 

values (lysine and phenylalanine) in the gut (11.5‰, range 7.5 to 15.0‰) and body tissues 

(10.7‰, range 8.1 to 13.9‰) of deposit feeder at Station M. These values are higher than those 

observed in sediment trap materials and overlap with the δ15NSAA values of in situ particles. This 

suggests that POM collected in sediment traps – and possibly the flux measured in deep traps – 

may not accurately represent the exported POM that supports deep-sea deposit feeder 

communities, at least at Station M. 

 

2.5.2 Microbial communities associated with POM at Station ALOHA 

The ASVs associated with large (>53 µm) particles are likely dominated by particle-

attached taxa, while the submicron (0.3-1 µm) reads are likely associated with free-living 

microbes and the small (1-53 µm) size fraction likely represents a mix of both communities 

(Suzuki et al. 2017). The microbial communities associated with different particle sizes were 

similar in surface waters, but increasingly differed with depth, suggesting the development of 

distinct communities as POM sinks from surface waters (Fig. 2.4, 2.5). At the surface, all sizes of 

particles are relatively fresh and labile (as in Wakeham et al. 1984), leading to the formation of 

similar communities dominated by photoautotrophic Cyanobacteria, but the different sinking 

speeds and labilities associated with large and small particles below the euphotic zone likely 

selected for the increasingly distinct communities (Comstock et al. 2024). 

Unlike the isotopic parameters, microbial communities changed continuously throughout 

the water column, with composition influenced primarily by depth (Fig. 2.5). The euphotic zone 

particles (less than 200 m in depth) clustered together and were dominated by Cyanobacteria, 

with communities at 200-400 m forming their own looser cluster that overlapped with the deep 

filtered particles (Fig. 2.5). This sharp transition in community composition below the euphotic 

zone has been observed previously at Station ALOHA and elsewhere (DeLong et al. 2006; 

Bryant et al. 2016; Mende et al. 2017). The submicron, small, and large filtered particles in the 

abyssopelagic hosted unique communities (Fig. 2.4). This could result from the different sinking 
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speeds of particles, with the larger particles (>53 μm filtered and sediment trap captured) 

facilitating the rapid export of surface taxa while the slower-sinking small and submicron 

particles have more time to be colonized by piezophilic deep-sea specialists (Ma et al. 2024). 

Alternatively, the higher δ15NSAA values of smaller particles at Station ALOHA (Fig. 2.2d) 

indicate they have been partially hydrolyzed, therefore containing less labile organic material and 

possibly selecting for specialist communities able to metabolize different molecules. The 

direction of the relationship between microbial community composition and particle quality and 

composition is not clear, and most likely the two influence one another. By combining AA-CSIA 

and microbial community barcoding, we are able to determine which microbial communities are 

most associated with POM breakdown. One of the most consistent results throughout all depths 

and particle sizes was the presence of Proteobacteria, including SAR11, known to be a prominent 

heterotroph at Station ALOHA (Bryant et al. 2016). 

 Poff et al. (2021) and Li et al. (2023) sequenced and identified microbial communities in 

sediment traps deployed at 4000 m at Station ALOHA from 2014 to 2016. The trap-captured 

communities were distinct from those associated with particles we filtered from the same depths 

(Fig. 2.5). Sediment traps contained many of the same broad taxonomic groups as those 

identified here in the filtered particles, but in different proportions. Notably, Thaumarchaeota and 

Planctomycetes comprised a much smaller proportion of reads than in our abyssal samples. 

Furthermore, their deep moored sediment traps were dominated by the genera Arcobacter and 

Colwellia in the phyla Epsilonbacteraeota and Proteobacteria, respectively, neither of which 

comprised a significant proportion of the reads in our filtered samples (Fig. 2.4). In combination 

with our finding that abyssal sediment trap material has much lower δ15NSAA values than filtered 

particles, these microbial community differences reinforce the finding that the fast-sinking 

particles captured in sediment traps undergo different microbial reworking by different 

communities than the small particles we filtered from the water column. 

 

2.5.3 Ammonia oxidizing archaea associated with POM reworking 

While members of archaeal family Nitrosopumilaceae only made up 6% of ASVs across 

all samples, they were responsible for 84% of the ASVs significantly correlated with δ15NSAA 

principal components (Fig. S1), and their abundance had a significant positive relationship with 

δ15NSAA values in the upper water column at Station ALOHA (Fig. 2.6). Ammonia oxidizing 
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archaea (AOA) such as Nitrosopumilaceae are abundant free-living archaea throughout the 

euphotic and mesopelagic tropical Pacific where they play a crucial role in the first step of 

nitrification by oxidizing ammonia to nitrite (Karner et al. 2001; Church et al. 2010; Beman et al. 

2012). Comstock et al. (2024) also found abundant Nitrosopumiliaceae reads in the lower 

euphotic and upper mesopelagic at the similarly oligotrophic Bermuda Atlantic Time Series, 

around the same depths at which δ15NSAA values increased in < 6 μm particles. While their 

presence as indicated by 16S rRNA abundance does not guarantee the Nitrosopumilaceae we 

observed at Station ALOHA are actively performing ammonia oxidation, other work in similar 

parts of the ocean found that the abundances of the amoA ammonia oxidation gene were similar 

to AOA 16S rRNA abundance, suggesting that nearly all AOA are likely contributing to 

nitrification, which is relatively high in the upper ocean at Station ALOHA (Dore and Karl 1996; 

Dore et al. 1998; Mincer et al. 2007; Beman et al. 2008, 2012; Church et al. 2010).  

It is unlikely that Nitrosopumilaceae directly drive the increase in δ15NSAA values in 

filtered particles at Station ALOHA, as their production of new organic matter from ammonia 

oxidation probably does not lead to source amino acids with higher δ15N values than those 

synthesized by heterotrophic breakdown of organic matter (Ohkouchi et al. 2017; Yamaguchi et 

al. 2017), although to our knowledge no studies have directly measured the δ15N values of AOA 

amino acids. Additionally, while barcoding showed that they are prominent members of the free-

living community in the midwater (Fig. 2.4) they are unlikely to dominate the biomass to the 

extent that they contribute overwhelmingly to the increase in δ15NSAA values. Instead, we 

propose that the relationship we found between Nitrosopumilaceae abundance and δ15NSAA 

values is indicative of a zone of increased heterotrophic breakdown, where the resulting products 

support archaeal chemoautotrophy. The high amounts of microbial breakdown of POM at Station 

ALOHA, which on its own decreases the quantity and quality arriving at the seafloor, may also 

lead to large amounts of organic matter recycling in the upper water column through archaeal 

and bacterial nitrification of the products of heterotrophic breakdown such as ammonia. The 

relationship between Nitrosopumilaceae abundance and δ15NSAA values was not significant if 

abyssopelagic particles were included (Fig. 2.6). While we did find Nitrosopumilaceae in abyssal 

samples (Fig. 2.4), pelagic ammonia oxidation has not been documented at those depths at 

Station ALOHA (Ward 2008). While AOA activity is not a primary driver of POM breakdown in 

the water column, their significant association with increasing δ15NSAA values in the lower 
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euphotic and upper mesopelagic zones suggests that their presence at Station ALOHA is driven 

by some of the same factors that lead to the low quality of POM export that reaches abyssal 

communities.  

The non-Nitrosopumilaceae ASVs that had significant correlations with δ15NSAA principal 

components belonged to the SAR11 clade and the phyla Euryarchaeota, Nitrospinae, and 

Verrucomicrobia (Fig. S1c, d). Nitrospinae includes nitrite oxidizing bacteria (Mincer et al. 2007; 

Jameson et al. 2023), which contribute to surface and midwater nitrification although at lower 

rates than AOA, particularly in nutrient-poor environments like the NPSG, due to AOA’s higher 

affinity for ammonium (Martens-Habbena et al. 2009). The presence of significant ASVs 

assigned to SAR11 indicates that they are not only prevalent throughout the water column, but 

also play a role in increasing δ15NSAA values via heterotrophic reworking. 

 

2.6 Conclusions 

 

A combination of amino acid compound-specific δ15N values and 16S rRNA community 

barcoding revealed that different sizes of POM host distinct microbial communities, which 

correspond with differences in lability and amount of heterotrophic reworking as they sink from 

euphotic to abyssopelagic depths. At both the eutrophic Station M and the oligotrophic Station 

ALOHA, sediment traps captured large, fast-sinking particles more similar to surface particles 

than particles filtered in situ at the same depths, suggesting that sediment traps miss a significant 

proportion of the POM in the abyssopelagic that could be used as a food source by abyssal 

organisms. As the first study to use AA-CSIA to examine particle transformations throughout the 

entire water column, we found that δ15NSAA values underwent large changes primarily between 

200 and 400 m as POM exited the euphotic zone, and then remained similar within each size 

class down to abyssal depths. Microbial community composition changed throughout the water 

column even at high taxonomic levels but the communities in the lower euphotic and upper 

mesopelagic were associated with the greatest amount of heterotrophic transformation of sinking 

POM, as evidenced by changes in δ15NSAA values. Additionally, the abundance of the ammonia 

oxidizing archaea Nitrosopumilaceae at Station ALOHA had a significant relationship with 

changes in δ15NSAA values, suggesting that high rates of heterotrophic POM breakdown in the 



37 

 

lower euphotic and upper mesopelagic supports midwater autotrophic nitrification and POM 

recycling at oligotrophic abyssal sites.
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CHAPTER 3. Niche partitioning among abyssal deposit-feeding echinoderms 

is linked to mobility and gut microbiota 

Lee C. Miller, Sonia  Romero-Romero, Brian N. Popp, Jeffrey C. Drazen 
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3.1 Abstract 

 

 Deposit-feeding echinoderms are dominant megafauna on abyssal plains, where they 

consume organic detrital material at the base of the benthic food web. However, the strategies 

they use to survive on irregular pulses of poor-quality detritus remain poorly understood in many 

regions. Using compound-specific stable isotope analysis of amino acids, we found that deposit-

feeding holothurians and echinoids in the oligotrophic North Pacific Subtropical Gyre are 

secondary rather than primary consumers of detritus, consistent with earlier findings from the 

productive California Current Ecosystem suggesting they consume gut microbial biomass or its 

products. At both sites, gut microbiomes were dominated by Actinobacteria, Proteobacteria, and 

Planctomycetes, and in some species, by the ammonia-oxidizing archaea Nitrosopumilales. 

Many of the more mobile deposit feeders, including swimming holothurians, also contained high 

proportions of Cyanobacteria in their guts during high-flux seasons, demonstrating that fast-

moving taxa can consume fresher phytodetritus than slower-moving and non-swimming species. 

Using a mixing model based on δ15N values of source amino acids we found that deposit feeders 

capable of swimming consume a higher proportion of larger and fresher particles than obligate 

benthic species, directly linking swimming behavior to feeding selectivity. Differences in the gut 

microbiota of deposit feeders on abyssal plain ecosystems, characterized by both high- and low-

flux regimes, corresponds to niche partitioning based on detritus of differing nutritional qualities. 

 

3.2 Introduction 

 

 Deep-sea benthic food webs are dependent on organic matter exported from surface 

waters, which often arrives as irregular pulses of phytodetritus (Rice et al. 1986; Smith et al. 

1996), animal carcasses (Lebrato et al. 2013), and fecal pellets (Steinberg and Landry 2017). 

Deposit-feeding echinoderms, particularly holothurians, dominate the megafaunal biomass and 

abundance on abyssal plains (seafloor between 3000-6000 m depth; Lauerman et al. 1996; Ruhl 

2007). They are responsible for extensive reworking of phytodetritus and other types of surface-

derived flux (Kaufmann and Smith 1997; Ginger et al. 2001), and have traditionally been 

considered primary consumers of detritus (Ginger et al. 2001). However, recent work using 

compound-specific stable isotope analysis has revealed that abyssal deposit feeders (DFs) at 
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Station M in the California Current Ecosystem are secondary consumers two trophic levels 

above the sedimentary organic matter they consume, with gut microbiota potentially acting as 

intermediate primary consumers (Romero-Romero et al. 2021). This finding suggests that both 

enteric and environmental microbial communities may play an important role at the base of 

abyssal food webs. 

 Holothurian and echinoid DFs show niche partitioning based on adaptations such as 

movement speed (Iken et al. 2001), tentacle morphology (Pierrat et al. 2022), and particle 

selectivity (Miller et al. 2000; FitzGeorge-Balfour et al. 2010). After seasonal pulses of 

phytodetritus, highly mobile taxa are able to quickly consume the fresh material while slower-

moving species are adapted to survive on the less labile material left over (Iken et al. 2001). 

Moreover, the abundance of abyssal DFs is directly related to rates of surface primary production 

(Gooday 2002; Ruhl and Smith 2004; Smith et al. 2008a; b). Elpidiid populations 

(Holothuroidea: Elasipodida: Elpidiidae) are particularly responsive to changes in detrital flux, 

following “boom and bust” cycles with orders of magnitude changes in abundance following 

increases in surface production at Station M and the Porcupine Abyssal Plain (Kaufmann and 

Smith 1997; Uthicke et al. 2009; Billett et al. 2010; Huffard et al. 2016). Additionally, many 

deep-sea holothurians, particularly in the order Elasipodida and the family Synallactidae, have 

morphological adaptations that allow them to swim above the seafloor and cover large distances 

while expending little energy (Miller and Pawson 1990; Chimienti et al. 2019; Gebruk and 

Kremenetskaia 2024). Facultative swimmers are observed occasionally taking off from the 

seafloor and swimming for short distances, while benthopelagic species spend the majority of 

their time drifting or swimming in the water column (Chimienti et al. 2019; Gebruk and 

Kremenetskaia 2024). It has been hypothesized that they use their swimming ability to find food 

patches and consume fresher material (Chimienti et al. 2019; Gebruk and Kremenetskaia 2024), 

but to date there has been no direct evidence. 

 Another adaptation that may allow deep DFs to survive on low-quality food is their 

association with enteric microbial communities. Bacteria occur in high abundances on the 

tentacles and within digestive tracts of abyssal holothurians (Roberts et al. 1991; Amaro et al. 

2012, 2019) and shallow echinoids (Schwob et al. 2020; Rodríguez-Barreras et al. 2021, 2023). 

Fatty acid profile analysis and essential amino acid δ13C values revealed that in addition to 

phytodetritus, bacteria-derived material makes up a large portion of some holothurians’ diets 
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(Drazen et al. 2008; Kharlamenko et al. 2018; Romero-Romero et al. 2021; Rodkina et al. 2023), 

particularly at oligotrophic sites (Amaro et al. 2019). These bacteria-derived fatty acids may 

come from microbial reworking on sinking detritus or in sediments (Durden et al. 2020), but 

consistent RNA concentrations along digestive tracts and elevated bacterial activity relative to 

sediments suggest that a resident microbiome exists within abyssal holothurians, capable of 

breaking down ingested organic material that the host may be unable to digest (Roberts et al. 

2001; Witbaard et al. 2001). Additionally, Amaro et al. (2012) found that gut-associated bacterial 

communities differed significantly in composition from those in surrounding sediments, with 

many taxa found only in digestive tracts. DFs and grazers often contain gut microbiota 

specialized to their trophic niche (Rodríguez-Barreras et al. 2021), but defining the nature of 

animal-microbe associations in the deep sea is difficult due to the limitations of sampling and the 

general difficulty of conducting feeding experiments. Gut microbiomes of holothurians in the 

deep sea have been studied only in a few locations (Deming et al. 1981; Amaro et al. 2012), and 

never in echinoids living below the euphotic zone. 

 Biomarkers have been extensively used for understanding the trophic ecology of DFs. In 

particular, fatty acids and other lipids have been used to quantify the dependence of DFs on 

phytodetritus versus bacteria and other organic sources (Drazen et al. 2008; Amaro et al. 2019; 

Rodkina et al. 2023). Compound-specific stable isotope analysis of individual amino acids (AA-

CSIA) allows for estimations of trophic position and assignments of food sources to consumers. 

Amino acids are classified as “source” or “trophic,” with trophic amino acids undergoing 

fractionation and increasing in δ15N values with each trophic step during heterotrophic 

metabolism. Source amino acids, on the other hand, increase in δ15N value primarily during 

microbial reworking and remain mostly unaltered by metazoan metabolism. An accurate estimate 

of trophic position can thus be gained by comparing δ15N values of source and trophic amino 

acids without a need for independent measurements of the δ15N values of material at the base of 

the food web (Chikaraishi et al. 2007, 2009; Popp et al. 2007). Additionally, the δ15N values of 

source amino acids (δ15NSAA) can be used to match animals with their potential food sources, 

including different size of particulate organic matter (POM) (Hannides et al. 2013; Romero‐

Romero et al. 2020).  

 Here, we examine the roles that gut-associated microbiota play in the trophic ecology of 

abyssal DFs. We contrast animals at Station M, where large pulses of phytodetritus and 
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gelatinous zooplankton carcasses provide relatively labile food to high densities of DFs (Smith 

and Druffel 1998; Smith et al. 2008b, 2014), with animals from Station ALOHA, situated in the 

oligotrophic North Pacific Subtropic Gyre (Karl and Lukas 1996; Karl et al. 2021). We also 

compare the trophic ecology of swimming holothurians and exclusively benthic holothurians and 

echinoids to test whether swimming behavior is a method of niche partitioning on the abyssal 

plain. We combine AA-CSIA with 16S rRNA microbial community barcoding to tie the trophic 

ecology and mobility of deposit-feeding taxa to their gut microbiota.  

 

3.3 Materials and Methods 

 

3.3.1 Sample collection 

 Animals and sediment cores were collected from the abyssal plain at Station M (34°50’N, 

123°00’W) using the HOV Alvin in April-May 2019 (i.e. spring) and ROV Doc Ricketts and 

October 2019 (i.e. fall). At Station ALOHA (22°45’N, 158°W) animals and sediment cores were 

collected with the ROV Lu‘ukai in July 2019 and 2020 (i.e. summer), and January 2020 (i.e. 

winter). At Station M, we collected the echinoid Echinocrepis rostrata (fall n = 2, spring n = 2) 

and the holothurians Oneirophanta mutabilis (fall n = 2, spring n = 2), Peniagone sp. (fall n = 2, 

spring n = 2), and Scotoplanes globosa (spring n = 2; Table 2.1). At Station ALOHA, we 

collected an unknown echinoid possibly within the genus Pilematechinus (herein referred to as 

Pilematechinus aff.; summer n = 6, winter n = 1) and holothurians Enypniastes eximia (summer 

n = 1) and Psychropotes spp. (summer n = 2, winter n = 1), as well as individuals within the 

cryptic genus Benthodytes (summer n = 3) and cryptic family Elpidiidae (summer n = 3), which 

included individuals belonging to the cryptic genera Amperima and Peniagone that we were not 

able to identify to species level (Table 2.1). All specimens of Peniagone sp., Benthodytes spp., 

and E. eximia were recovered with empty digestive tracts. Gut evacuation is common when 

swimming holothurians, such as these species, take off from the seafloor (Miller and Pawson 

1990; Gebruk and Kremenetskaia 2024). 

 DFs were dissected on board to isolate gut contents for AA-CSIA and rRNA barcoding, 

and tissue samples for AA-CSIA. Holothurians were dissected with a longitudinal cut along the 

ventral side and echinoids were dissected with a circular cut along the top of the test. Digestive 

tracts were carefully removed from the animals and opened using ethanol-sterilized tools. We 
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used scissors to cut the digestive tracts open and scooped out the contents with a spatula, 

avoiding including pieces of the gut wall. Samples of gut contents were taken near the mouth for 

“foregut,” near the anus for “hindgut,” and around the middle of the tract for “midgut.” For 

animals with too little material, all gut contents were combined into one sample. Gut contents 

and tissue samples were stored at -80°C until analysis. 7 cm diameter sediment cores were sliced 

to collect the top 0.5 cm, placed in petri dishes, and frozen at -80°C. 

To characterize the isotopic composition of POM, we collected size-fractionated particles 

at both sites using in situ filtration by McLane pumps at 50 meters above the bottom (mab), at 

depths of approximately 3950 m at Station M and 4650 m at Station ALOHA. The pumps were 

equipped with mini-MULVS filter holders with three tiers of filters (140 mm diameter) to 

fractionate particles into three size classes as described in Bishop et al. (2012): large (>53 μm, 

acid-cleaned Nitex mesh filters), small (1-53 or 0.7-53 μm, precombusted QMA quartz or GF/F 

glass microfiber filters), and sub-micron (0.3-1 μm, precombusted GF75 glass microfiber filters). 

Approximately 3000-6000 L were filtered for each sample. Upon retrieval, large particles were 

washed off the Nitex filters using 0.2 μm filtered seawater and captured on 25 mm diameter 

QMA filters and all filters were frozen at -80°C. 

Additionally, we deployed moored sediment traps (McLane Parflux Mark 78H with 0.65 

m2 collection area) at 50 mab at both sites, containing 5% buffered formalin in filtered seawater. 

Traps were deployed at Station M from December 2018 to March 2019 with a sample frequency 

of 16 days, and at Station ALOHA from March 2019 to February 2020 with an average sample 

frequency of 14 days. Unfortunately, the traps at Station M were clogged by a pulse of detritus in 

early April 2019 just prior to reservicing and the trap mooring string failed during the subsequent 

deployment causing a prerelease and loss of samples. No sediment trap samples are thus 

available from Station M concurrent with our Fall 2019 collections. 

 

3.3.2 Density estimations 

 At Station M, DF densities were determined from a single ROV video transect on 

10/19/2019, covering 2287 m2, previously reported in Kuhnz et al. (2020). At Station ALOHA, 

we combined four seafloor ROV video transects, conducted on 7/20/2019, 7/21/2019, 8/1/2020, 

and 8/2/2020, covering a total area of 23,020 m2. Field of view was estimated for each transect 

using lasers 15 cm apart (average of 6.5 m across all transects) and multiplied by the distance to 
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calculate area covered for each transect. Based on the number of observations of each taxa, the 

density was calculated as individuals/km2 for each transect. We report the average ± standard 

deviation among the four transects. 

 

3.3.3 Amino acid compound-specific stable isotope analysis 

 AA-CSIA was performed on freeze dried samples of animal tissue, gut contents, 

sediments, size-fractionated particles, and sediment trap material as described in Hannides et al. 

(2013) and Chapter 2 of this thesis. Derivatized amino acid δ15N values were analyzed using a 

Thermo Scientific Delta V Plus IRMS interfaced to a trace gas chromatograph fitted with a 60 m 

BPx5 capillary column through a GC-C III combustion furnace (980°C), reduction furnace 

(680°C), and liquid nitrogen cold trap. Each sample was co-injected with internal reference 

amino acids norleucine and aminoadipic acid, which have known δ15N values. For quality 

assurance, between every three sample injections we injected a full amino acid reference suite of 

16 compounds with known δ15N values. δ15N values of sample amino acids were normalized 

using a linear regression between the measured and known values from the reference suite. The 

uncertainty for each amino acid δ15N value was calculated as the standard deviation of three 

injections, where there was sufficient material available. The overall average uncertainty among 

all samples was 0.46‰. 

 

3.3.4 16S rRNA microbial community barcoding 

 We isolated environmental DNA from animal gut contents and surface sediments using a 

DNeasy PowerSoil Kit. We amplified the hypervariable V4-V5 region of the 16S rRNA gene via 

PCR using the primers 515f (GTGYCAGCMGCCGCGGTAA) and 808rB 

(GGACTACNVGGGTWTCTAAT). Each PCR reaction contained 2.5 µL environmental DNA 

(0.5 – 350 ng/µL), 5 µL forward and 5 µL reverse primer (1 µM), and 12.5 µL 2x PlatinumTM 

Hot Start PCR Master Mix (Invitrogen, catalog #13000014). The PCR amplification protocol 

was as follows: 95°C for 3 minutes; 30 cycles of 95°C for 30 seconds, 55°C for 30 seconds, and 

72°C for 30 seconds; 72°C for 5 minutes, and hold at 4°C. The resulting PCR products were 

sequenced using an Illumina MiSeq platform at the Advances Studies in Genomics, Proteomics, 

and Bioinformatics at the University of Hawai‘i at Mānoa. 
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3.3.5 Stable isotope data analysis 

The average δ15N value of phenylalanine and lysine was used as the δ15N values of 

source amino acids (δ15NSAA). Trophic position (TPGlx-Phe) was calculated as in Chikaraishi et al. 

(2009): TP = (δ15NGlx – δ15NPhe – 3.4)/7.6 + 1, where δ15NGlx and δ15NPhe are the δ15N values of 

glutamic acid (Glx, including the contribution of glutamine) and phenylalanine (Phe) in the 

sample. 3.4 ± 1 ‰ is the difference between δ15NGlx and δ15NPhe in primary producers (β), and 

7.6 ± 1 ‰ is the trophic discrimination factor (TDFAA). The uncertainty in the TP values was 

calculated as the propagated error (Ohkouchi et al. 2017). 

The ΣV parameter is a proxy for heterotrophic resynthesis of amino acids, determined 

from the average deviation of δ15N values of trophic AAs from their mean value. We calculated 

ΣV as in McCarthy et al. (2007): ΣV = 1/n Σ Abs(χi), where n is the total number of AAs used for 

the calculation and χi is the deviation of the δ15N value of amino acid i from the mean δ15N value 

of the n amino acids [δ15Ni – (Σ δ15Ni /n]. We used the amino acids alanine, valine, proline, 

aspartic acid, and glutamic acid to calculate ΣV.  

 

3.3.6 Barcoding data analysis 

16S rRNA sequences were analyzed using DADA2 version 1.28.0 (Callahan et al. 2016), 

implemented in R version 4.3.0. Briefly, quality scores were calculated based on error rates and 

reads were filtered to a maximum of 2 expected errors and minimum length of 240 bases for 

forward reads and 160 bases for reverse reads. The reads were dereplicated and consensus 

quality scores were constructed and used in a denoising algorithm to infer error rates and 

distinguish sequencing errors from true sequence variations. The resulting amplicon sequence 

variants (ASVs), which represent unique microbial variants, had chimeras removed and were 

assigned taxonomy using the Silva 138.1 prokaryotic 16S rRNA taxonomic training data 

(McLaren and Callahan 2021). Alpha diversity was estimated using the estimate richness 

function from the phyloseq R package (McMurdie and Holmes 2013). 

 

3.3.7 Statistical analysis 

Statistical analyses were performed in R version 4.3.0 using the package vegan (Oksanen 

et al. 2024). We used t-tests to compare trophic positions and ΣV values between the two sites 

and between seasons. A two-component linear mixing model was created based on the δ15N 
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values of the source amino acids phenylalanine and lysine in potential sources of detritus: 1-53 

μm filtered particles (“small presumably recalcitrant particles”) and material captured in moored 

sediment traps (“large presumably labile particles”), both captured at 50 mab. We used as 

endmembers (types of detritus consumed as food sources) for each animal particles collected 

during the same season and at the same site as each animal, with the exception of fall at Station 

M where we used spring sediment trap material as no traps were collected in the fall. The 

sediment trap material is composed largely of fresh, fast-sinking large particles that resemble 

surface particles, while the small filtered particles have higher δ15NSAA values reflective of 

greater microbial reworking (Chapter 2, this thesis). The δ15NSAA values of all animals fell 

between the two endmembers. 

For microbial community composition, we created a Principal Coordinate Analysis 

(PCoA) based on a Bray-Curtis dissimilarity matrix of ASV abundance at the order level and 

compared DF species and gut regions with a permutational multivariate analysis of variance 

(PERMANOVA). Additionally, we compared the Shannon diversity, Simpson diversity, and 

Chao1 ASV richness of microbial communities between sample types with an analysis of 

variance (ANOVA). We also used ANOVA to compare the proportional abundance of certain 

microbial taxa in the digestive tracts of different animal species. For all analyses, P < 0.05 was 

considered significant. Data are presented as the mean ± standard deviation. 

 

3.4 Results 

 

3.4.1 Deposit feeder communities 

At Station M, Peniagone sp. were by far the most abundant DF taxon in fall 2019, with 

106,252 individuals/km2, followed by S. globosa (5247 individuals/km2), E. rostrata (3498 

individuals/km2), and O. mutabilis (1747 individuals/km2). At Station ALOHA, the most 

abundant DFs seen during summer video transects were E. eximia at 402 ± 526 and 

Pilematechinus aff. at 425 ± 557 individuals/km2. Only one Elpidiidae sp. (22 ± 43 

individuals/km2) and one Psychropotes sp. (66 ± 131 individuals/km2) were observed during all 

four transects, and no Benthodytes spp. individuals were seen (collections occurred between 

transects). Additionally, our E. eximia density is likely an underestimation, as that species is 

frequently observed swimming or drifting in the water column higher than the average altitude of 
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1.5 m during our transects (Ohta 1985; Miller and Pawson 1990). No video transects were done 

in the spring at Station M or in the winter at Station ALOHA, but densities are unlikely to vary 

substantially within a 6 month time span (Kuhnz et al. 2020). 

 Deposit-feeding holothurians at both sites were classified as non-swimmers (O. mutabilis 

and S. globosa), facultative swimmers (Benthodytes spp. and Psychropotes spp.), or 

benthopelagic (E. eximia, Elpidiidae spp., and Peniagone sp.) based on the classifications of 

Miller and Pawson (1990) and Gebruk and Kremenetskaia (2024). All echinoids were considered 

non-swimmers. 

 

3.4.2 Compound-specific stable isotope analysis 

 The trophic position of individual DF tissue ranged between 2.5 ± 0.1 (O. mutabilis; TP ± 

propagation error) and 3.3 ± 0.1 (O. mutabilis) at Station M and 2.4 ± 0.1 (Psychropotes spp.) 

and 4.1 ± 0.1 (E. eximia) at Station ALOHA (Fig. 3.1e, f). The trophic position of gut contents 

relative to sediments (ΔTPGut-Sediment) was approximately one at Station M: E. rostrata 0.70 in fall 

and 0.7 ± 0.6 in spring, O. mutabilis 1.1 ± 0.1 in fall and 1.6 ± 0.8 in spring, and S. globosa 0.8 ± 

0.9 in spring (Fig. 3.2a). Unfortunately, the low amino acid content of sediment samples at 

Station ALOHA prevented us from conducting a similar analysis. Among all species, trophic 

position overall was higher in tissue than in gut contents (paired t test, t = -3.70, P = 0.0035), 

with a i.e., ΔTPTissue-Gut of around one trophic step, although there was high intraspecific 

variation: E. rostrata 1.1 in fall and 1.2 ± 0.8 in spring, O. mutabilis 0.6 ± 0.6 in fall and 0.8 ± 

0.8 in spring, S. globosa 0.9 ± 1.0 in spring, and Pilematechinus aff. 1.2 in summer (Fig. 3.2b). 

The exception was a single Psychropotes sp. individual, which had gut contents 0.8 trophic steps 

higher than its tissue (Fig. 3.2b). Trophic position did not differ by swimming ability (ANOVA, P 

> 0.05). 

At both sites, δ15NSAA values of animal tissue and gut contents fell within the range of 

values of POM collected near the seafloor. The material captured in sediment traps had lower 

δ15NSAA values than filtered particles in the 0.3-1 μm (submicron) and 1-53 μm (small) size 

fractions, which were also higher than those of the animals (Fig. 3.1a, b).  Based on our two-

factor mixing model, we found no difference between sites in overall proportion of small, 

recalcitrant particle versus large, labile POM material utilization, with 40.3 ± 22.5% and 40.0 ± 

23.5% utilization of large, labile material at Stations ALOHA and M, respectively (t-test, P > 
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0.05; Fig. 3.3). However, large, labile material utilization was higher during the fall than during 

the spring at Station M (t-test, t = 4.16, P < 0.001), while no seasonal differences were observed 

at Station ALOHA (t-test, P > 0.05). Benthopelagic animals had a significantly larger 

contribution of large, labile material in their diet (56.7 ± 17.5 %), followed by facultative 

swimmers (44.6 ± 21.4 %) and non-swimmers (33.6 ± 22.2 %; ANOVA, F = 4.43, P = 0.016). 

 ΣV, a proxy for heterotrophic resynthesis, was higher in DF gut contents than in tissue 

(paired t test, t = 2.34, P < 0.05). ΣV was also higher in DF tissue at Station ALOHA than at 

Station M (t test, t = 2.69 P < 0.05). ΣV values in gut contents did not, however, differ between 

sites (t test, P > 0.05). 

 

3.4.3 Microbial community analysis 

 After cleaning and filtering,16S rRNA sequencing yielded 946,549 reads in 64 samples. 

Microbial community composition in gut contents differed by site (PERMANOVA, F = 9.31, P < 

0.001), and by DF taxon (PERMANOVA, F = 2.68, P < 0.001) (Fig. 3.4, 3.5). At Station 

ALOHA, sediment microbial communities differed from those in gut contents (PERMANOVA, 

F = 4.23, P < 0.05), but not by season (PERMANOVA, P > 0.050). At Station M, community 

composition differed between guts and sediments (PERMANOVA, F = 2.63, P < 0.05) and by 

season (PERMANOVA, F = 2.63, P < 0.001). Within taxa, the gut region (foregut, midgut, or 

hindgut) did not influence community composition (PERMANOVA, P > 0.05). Swimming 

ability also did not affect gut microbial composition (PERMANOVA, P > 0.05).  

Shannon diversity was lower in gut contents than in sediment (t test, t = -2.60, P = 0.044), 

as was Simpson diversity (t test, t = -2.79, P = 0.010), but Chao1 richness did not differ between 

gut contents and sediment (t test, P > 0.05; Fig. 3.6). None of the three diversity measures 

differed between DF species (ANOVA, P > 0.05). 

Based on DESeq2 differential abundance analysis (pairwise by DF species, P < 0.05), 

8195 ASVs were significantly enriched in DF digestive tracts relative to sediments, while 5133 

ASVs were significantly enriched in sediments relative to digestive tracts (Fig. 3.7). Gut-

enriched ASVs were diverse, with prominent contributions from the phyla Acidobacteria, 

Actinobacteria, Planctomycetes, and Proteobacteria. Sediment-enriched communities were 

similar in taxonomic composition, but with larger proportions of Thaumarcheota and smaller 

proportions of Actinobacteria than the gut-enriched communities (Fig. 3.7). 
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2Table 3.1. Isotopic and ecological information of DF species collected at each site and season. Swimming ability was assigned based 

on Miller and Pawson (1990) and Rogacheva et al. (2012). Trophic position and contribution of large particles are the average ± 

standard deviation within each season. 

Station Taxon 

n (isotope 

analysis) 

n (16S rRNA 

analysis) 

Trophic 

position 

Contribution of 

large particles (%) 

to diet 

Swimming 

ability 

Density (individuals 

km-2) 

ALOHA Family Elpidiidae 

 

3 (summer) 2 (summer) 

1 (winter) 

3.1 ± 0.1 54.3 ± 10.9 Benthopelagic 22 ± 43 

 Family Pelagothuriidae       

       Enypniastes eximia 1 (summer) 0 (summer) 4.1 58.1 Benthopelagic 402 ± 526 

 Family Psychropotidae       

       Benthodytes spp. 3 (summer) 0 (summer) 3.3 ± 0.1 30.6 ± 17.4 Facultative N/A 

       Psychropotes spp. 2 (summer) 1 (summer) 2.8 52.3 ± 22.5 Facultative 66 ± 131 

  1 (winter) 2 (winter) 3.4 63.7   

 Family Urechinidae       

       Pilematechinus aff. 6 (summer) 6 (summer) 3.1 ± 0.3 24.1 ± 24.3 Non-swimmer 425 ± 557 

  1 (winter) 1 (winter) 3.3  47.7   

M Family Deimatidae       

       Oneirophanta mutabilis 2 (spring) 2 (spring) 3.3 ± 0.0 14.8 ± 12.3 Non-swimmer  

  2 (fall) 3 (fall) 2.8 ± 0.4 43.1 ± 18.0  1749 

 Family Elpidiidae       

       Peniagone sp. 2 (spring) 2 (spring) 3.1 ± 0.1 37.0 ± 1.7 Benthopelagic  

  2 (fall) 0 (fall) 3.1 ± 0.3 79.2 ± 9.8  106,253 

       Scotoplanes globosa 2 (spring) 1 (spring) 2.6 ± 0.1 32.2 ± 11.4 Non-swimmer  

       5247 

 Family Pourtalesiidae       

       Echinocrepis rostrata 2 (spring) 2 (spring) 2.8 ± 0.3 27.3 ± 7.6 Non-swimmer  

  2 (fall) 3 (fall) 3.0 ± 0.1 65.5 ± 22.6  3498 
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7Figure 3.1. a, b) δ15N source amino acid values of animal tissue (indicative of the lability of 

organic material at the base of the food web), gut contents (lighter points), and various 
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particulate organic matter sources near the seafloor. c, d) ΣV parameter (proxy for microbial 

heterotrophic reworking). e, f) Estimated trophic positions (TPGlx-Phe). Points are averages within 

a season and error bars represent standard deviations. Colors indicate the swimming ability of the 

deposit feeder species. 

 

 

 

8Figure 3.2. The difference in trophic positions between a) DFs gut contents and sediment and 

b) tissue and gut contents, averaged within a season (mean ± SD; open symbols: spring; closed 

symbols: fall and summer) at each site (squares, Station M; circles, Station ALOHA). Points are 

averages within a season and error bars represent standard deviations. Colors indicate the 

swimming ability of the deposit feeder species. 
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9Figure 3.3. Results of a two-factor mixing model based on δ15NSAA values of particles captured 

in sediment traps (“large, labile”) and 1-53 μm particles filtered from the water column (“small, 

recalcitrant”), 50 mab. Error bars show standard deviation. Colors indicate the swimming ability 

of the deposit feeder species. 
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10Figure 3.4. Microbial community composition in sediments and gut contents, shown as 

proportion of ASVs assigned to each of the top 25 most abundant orders. For animals where 

multiple parts of the gut were analyzed, dotted lines outline a single individual. Top row are 

Station M animals and bottom row are Station ALOHA animals. 
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11Figure 3.5. Principal coordinate analysis (PCoA) of microbial community composition in 

surface sediments and guts of DFs using a Bray-Curtis dissimilarity matrix based on ASV 

abundance. 

 

 

12Figure 3.6. Microbial community alpha diversity in DF gut contents and sediments, quantified 

as a) Shannon diversity index, b) Simpson diversity index, and c) Chao1 estimated species 
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richness. Points are averages within a season and error bars represent standard deviations. Colors 

indicate the swimming ability of the deposit feeder species. 

 

 

13Figure 3.7. ASVs significantly enriched (DESeq2 differential abundance analysis, P < 0.05) in 

digestive tracts versus sediments, separated by DF taxon (Station M sediment n = 4, Station 

ALOHA sediment n = 2, E. rostrata n = 10, O. mutabilis n = 11, Peniagone sp. n = 2, Elpidiidae 

n = 4, Psychropotes spp. n = 5, Pilematechinus aff. n = 18). 
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3.5 Discussion 

 

We found that deposit-feeding echinoderms on the abyssal plain are secondary consumers 

of sedimentary detritus. Our results are consistent at two sites of contrasting productivity and 

carbon export regimes [average carbon export flux 113.4 mg C-2 d-1 at Station M (Smith et al. 

2018) and 27.9 mg C-2 d-1 and Station ALOHA (Karl et al. 2021)], which points to a remarkable 

generalization across the abyssal plain. However, the proportion of fresh versus recalcitrant POM 

they consume varies both between and within species. Abyssal DFs are known to exhibit niche 

partitioning based on morphological and behavioral adaptations including movement speed and 

tentacle shape (Iken et al. 2001; FitzGeorge-Balfour et al. 2010; Pierrat et al. 2022). It has been 

hypothesized, but until now not quantitatively shown, that swimming is another adaptation used 

by some deep-sea holothurians to access food pulses to the abyss (Chimienti et al. 2019; Gebruk 

and Kremenetskaia 2024). We found that species with documented swimming behavior 

consumed larger and fresher detrital particles than exclusively benthic species (Fig. 3.3), 

providing evidence that varying swimming ability is another strategy of niche partitioning on the 

abyssal plain. Interspecific differences in digestive tract microbiota may further reflect distinct 

dietary strategies on the abyssal plain. 

 

3.5.1 Niche partitioning by particle type 

Abyssal DFs consume a heterogenous mixture of detrital types, here distinguished using 

different sampling methods of POM at 50 mab. Moored sediment traps at both sites captured 

material with low δ15NSAA values, similar to surface particles (Chapter 2 of this thesis), which is 

indicative of little microbial reworking and a prevalence of large, fast-sinking particles 

(Alldredge 1998; Guidi et al. 2008). We describe these trap-captured particles as a large, labile 

POM source. On the other hand, small (1-53 μm) particles filtered in situ at 50 mab had higher 

δ15NSAA values (Fig. 3.1a, b) and represented a more heavily reworked detrital source (Hannides 

et al. 2013; Wojtal et al. 2023; Chapter 2 of this thesis), here designated as small and recalcitrant 

particles. There is almost certainly overlap between these detrital sources, as sediment traps also 

capture some small particles (Buesseler 1991; Honjo et al. 2008; Buesseler et al. 2020). Other 

potentially important detrital endmembers such as salp carcasses (Smith et al. 2014) are missing 

from this analysis due to being under-sampled by both in situ filtration and sediment traps 
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(Buesseler 1991). However, the consistent differences in δ15NSAA values between the sediment 

trap material and small particles, despite seasonal variation, allowed the use of a mixing model to 

show niche partitioning among the DFs based on detrital food source. Both detrital types were 

important food sources for DFs at both sites, but the proportion of labile versus recalcitrant 

material differed by species and swimming ability (Fig. 3.3). 

Of the DFs quantified here, benthopelagic Peniagone sp. were the most abundant at 

Station M while benthopelagic E. eximia and non-swimming Pilematechinus aff. were the most 

abundant at Station ALOHA during our collections in 2019 and 2020 (Table 2.1). However, 

abyssal DF community composition has changed significantly over time at the long-term 

monitored sites including the Porcupine Abyssal Plain (Billett et al. 2010) and Station M 

(Huffard et al. 2016; Kuhnz et al. 2020). There was an “elpidiid bloom” in 2012-2014 at Station 

M, where Peniagone sp. and S. globosa increased in density by up to an order of magnitude 

around the time of large pulses of phytodetritus and tunicate carcasses (Kuhnz et al. 2020), 

suggesting members of the family Elpidiidae have the ability to respond more intensely to food 

pulses than other DFs. Moreover, we found that Peniagone sp. and E. eximia consumed the 

highest proportion of large, labile material at their respective sites (Fig. 3.3). Hence, we suggest 

that the swimming behavior of the elpidiid Peniagone sp. and the pelagothuriid E. eximia may 

allow them to take better advantage of fresh phytodetritus pulses and dominate the megafaunal 

DF assemblages at both sites. On the other hand, δ15NSAA values of Pilematechinus aff. resemble 

more closely the small, recalcitrant particles, suggesting that this and other non-swimming and 

presumably other slow-moving abyssal echinoids such as E. rostrata (Vardaro et al. 2009) 

occupy a separate niche (Fig. 3.3). Pilematechinus aff. must therefore utilize other strategies to 

thrive on lower quality phytodetritus, which may include breakdown by gut microbiota. 

We structure the following discussion by the three swimming categories (non-swimmers, 

facultative swimmers, and benthopelagic species) to examine their trophic ecology and the 

composition of their gut microbiomes. It is important to note that δ15N values in tissue reflect the 

animal’s diet over months to years, while gut microbial composition is instead indicative of the 

diet when the animal was collected, so the relationship between the data types may be temporally 

inconsistent. 
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3.5.2 Trophic ecology and gut microbiomes of non-swimming deposit feeders 

 The non-swimming deposit feeders in this study include the echinod E. rostrata and the 

holothurians O. mutabilis and S. globosa at Station M, and the echinoid Pilematechinus aff. at 

Station ALOHA. Of these, the echinoids E. rostrata and Pilematechinus aff. depended mostly on 

small, recalcitrant particles (Fig. 3.3), suggesting a diminished ability to compete for 

nutritionally superior fresh pulses of phytodetritus. E. rostrata is slower-moving than the other 

DFs at Station M (Kaufmann and Smith 1997; Vardaro et al. 2009), but its relatively large size 

and long digestive tract may allow the digestion of more recalcitrant material, which is supported 

by the more degraded gut contents relative to other DFs (Romero-Romero et al. 2021). However, 

gut contents of E. rostrata collected during the high flux season (i.e. fall) contained 5.8 – 8.7 % 

cyanobacterial ASVs, indicative of the consumption of some fresh phytodetritus when it is 

abundant (Fig. 3.4). As an unknown species, very little is understood about the trophic ecology 

of Pilematechinus aff., although its large size, trophic position as a secondary consumer, and 

relatively high ΣV value of gut contents suggests similarities to E. rostrata (Fig. 3.1). We suggest 

that Pilematechinus aff. fill a similar niche at Station ALOHA to that of E. rostrata at Station M, 

with slower movement speeds requiring a gut microbiome capable of breaking down a more 

recalcitrant detrital diet.  

The gut microbiomes of both E. rostrata and Pilematechinus aff. were enriched relative 

to sediments in ASVs belonging to the phyla Proteobacteria and Actinobacteria, common gut 

microbiome residents in marine invertebrates (De Corte et al. 2018) that may assist with the 

breakdown of their recalcitrant diet (Fig. 3.7). E. rostrata gut microbiota were overall dominated 

by Proteobacteria, more than most other DF species (Fig. 3.4). Proteobacteria are particularly 

abundant in both shallow and deep echinoderm digestive tracts (Amaro et al. 2009; Schwob et al. 

2020; Rodríguez-Barreras et al. 2021; Gao et al. 2022). Pilematechinus aff., on the other hand, 

showed high variability in gut microbial community composition, with some gut samples 

dominated by the archaea Nitrosopumilales while in others they made up a minor proportion of 

reads (Fig. 3.4). Nitrosopumilales appear to be mainly derived from consumed sediments in both 

echinoids, rather than forming specific gut communities, because few ASVs in this order were 

unique to the gut contents (Fig. 3.7). Other microbial groups are more likely to contribute a 

distinct core microbiome within Pilematechinus aff. based on their increased abundance in gut 

contents relative to sediments. These include Actinomarinales, Pirellulales, and Dadabacteria, the 



59 

 

latter of which made up a larger proportion of Pilematechinus aff. gut reads than in other DF 

species (Fig. 3.4, 3.7). All of these phyla are abundant in abyssal sediments (Lindh et al. 2017; 

Shulse et al. 2017; Jroundi et al. 2020; Begmatov et al. 2021), and could be derived from the 

DFs’ diets, although all have also been found in both shallow and deep holothurian gut contents 

(Amaro et al. 2009; Sha et al. 2016; Weigel 2020). Deep-sea Dadabacteria are heterotrophs able 

to break down low molecular weight organic matter and have streamlined genomes (Graham and 

Tully 2021), common among gut symbionts (Osman and Weinnig 2022). We suggest 

Dadabacteria may play a role in the gut microbiome of Pilematechinus aff. at Station ALOHA 

and contribute to their utilization of recalcitrant material.  

 The holothurians O. mutabilis and S. globosa are not known to exhibit swimming 

behavior, and their consumption of 29.9 ± 19.9 and 32.2 ± 11.4 % large particles, respectively, 

suggests a reduced capacity to select for fresh phytodetritus (Fig. 3.3a). This is in contrast to 

previous work showing high selectivity due to fast movement speeds, which are some of the 

highest among DFs at Station M (Kaufmann and Smith 1997; Amaro et al. 2019). However, in 

contrast to our isotope results, our gut microbiome results match the characterization of O. 

mutabilis as highly selective in its feeding, with gut contents reflective of fresh phytodetritus 

(FitzGeorge-Balfour et al. 2010), as we found that 33.8 – 28.2 % of the microbes in their gut 

contents during the fall were epipelagic Cyanobacteria, much more so than any other animal at 

either site (Fig. 3.4). In fact, these cyanobacterial gut content abundances are greater than those 

found in some shallow-water DFs (Rodríguez-Barreras et al. 2021). A high consumption of fresh 

cyanobacteria during the high flux period might also be expected for S. globosa; unfortunately, 

we only collected one gut content sample from this species during the lower flux Spring. 

Compound-specific isotope and fatty acid analyses at Station M and the Porcupine Abyssal Plain 

have previously suggested that Oneirophanta spp. are secondary consumers and primarily 

consume bacteria rather than phytodetritus (Drazen et al. 2008; Stratmann et al. 2023). When 

food is scarce, O. mutabilis appears to consume more recalcitrant, bacteria-derived material 

(Neto et al. 2006; FitzGeorge-Balfour et al. 2010), pointing to seasonal differences in POM 

utilization. In this sense, Romero-Romero et al. (2021) found that the δ13C patterns of essential 

amino acids in O. mutabilis tissue changed seasonally, being more similar to those of their gut 

contents in a period of low food supply and more similar to the surrounding sediments in a more 

productive period. Like E. rostrata, the microbes that were enriched in the O. mutabilis gut 
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microbiome relative to the sediment are dominated by Proteobacteria and Actinobacteria, while 

the single S. globosa gut sample was enriched in Nitrosopumilales relative to the sediments (Fig. 

3.7), suggesting archaea belonging to this order grow within the digestive tract in addition to 

being diet-derived.  

 

3.5.3 Trophic ecology and gut microbiomes of facultatively swimming deposit feeders 

 At Station ALOHA, we considered Benthodytes spp. and Psychropotes spp. to be 

facultative swimmers, as they are observed occasionally taking off from the seafloor but spend 

the majority of their time on the benthos (Rogacheva et al. 2012). Benthodytes spp. had high 

δ15NSAA values indicative of approximately 70% utilization of small particles (Fig. 3.3b) and 

trophic position of 3.3 ± 0.1 (Fig. 3.1f). This suggests Benthodytes spp. utilize gut microbial 

products for nutrition, similar to the echinoids E. rostrata and Pilematechinus aff. Benthodytes 

sp. on the Porcupine Abyssal Plain also showed evidence of the consumption of heterotrophic 

bacteria, possibly hosted within their digestive tracts (Stratmann et al. 2023). Unfortunately, all 

Benthodytes spp. specimens were recovered with empty digestive tracts, preventing us from 

analyzing gut contents.  

In contrast to Benthodytes spp., the low δ15NSAA values of Psychropotes spp. indicate that 

they consumed a greater proportion of large, fresh particles than many of the other Station 

ALOHA species (Fig. 3.3b). This is at odds with some previous findings that among abyssal 

holothurians Psychropotes spp. are less selective of fresh phytodetritus and consume more 

bacteria-derived material (FitzGeorge-Balfour et al. 2010; Amaro et al. 2019). However, these 

previous studies were conducted on the Porcupine Abyssal Plain and in the Western Pacific, both 

of which experience much higher particle flux than Station ALOHA (Frigstad et al. 2015; Amaro 

et al. 2019; Karl et al. 2021). Species-specific strategies for locating and consuming high-quality 

detritus may vary based on the flux regime. Unique among the animals in this study, one 

individual Psychropotes sp. had a higher trophic position in their gut contents than their tissue 

(Fig. 3.2b), which could be due to the consumption of high trophic level zooplankton carcasses, 

as suggested by Amaro et al. (2019). While gut contents represent a snapshot of the animal’s diet, 

Psychropotes sp. tissue trophic positions, which integrate over a longer period of time, are 

similar to the other DFs, suggesting consumption of high trophic position material is not typical 

for that species.  
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Psychropotes spp. microbial communities were highly variable, sometimes dominated by 

and sometimes lacking Nitrosopumilales (Fig. 3.4).  As with Pilematechinus aff., Psychropotes 

spp. gut microbiomes were distinguished from sediments in part by Dadabacteria (Fig. 3.7). One 

individual captured in the winter had a large proportion of Cyanobacteria in its guts (Fig. 3.4), 

suggesting an ability to select for fresh material even during this low flux season, possibly aided 

by a facultative swimming behavior allowing them to cover large distances (Gebruk and 

Kremenetskaia 2024). 

 

3.5.4 Trophic ecology and gut microbiomes of benthopelagic deposit feeders 

 Benthopelagic holothurians, represented here by elpidiids at both sites, spend most of 

their time drifting in the water column and land on the benthos primarily to feed. This swimming 

behavior has been hypothesized to aid in locating fresh food pulses (Miller and Pawson 1990; 

Gebruk and Kremenetskaia 2024). At Station ALOHA, we grouped together three individuals 

belonging to the cryptic genera Amperima and Peniagone as Elpidiidae spp. We also collected 

one E. eximia individual at Station ALOHA, while Peniagone sp. were the only benthopelagic 

holothurians collected at Station M. The single E. eximia individual, based on δ15NSAA values, 

consumed approximately 60% large particles, more so than any other species at Station ALOHA 

(Fig. 3.3b). Selection for large particles, which are likely to be fresher and less recalcitrant based 

on lower δ15NSAA values and faster sinking times (Alldredge 1998), aligns with an ability to be 

highly selective by swimming, although Miller and Pawson (1990) hypothesized low selectivity 

of particles after landing on the seafloor. E. eximia had the highest trophic position of any DF in 

this study (4.1; Fig. 3.1f). The less degraded material that E. eximia apparently consume relative 

to other DFs could include zooplankton fecal pellets or carcasses, which sink much faster and 

arrive at the seafloor with minimal microbial reworking (Turner 2015; Doherty et al. 2021). The 

large, labile particles had higher trophic positions than other POM sources. Unfortunately, the 

specimen voided its gut contents during collection, so no data are available on the E. eximia gut 

microbiome. 

 Elpidiidae and Peniagone sp. had trophic positions consistent with secondary consumers, 

similar to the non-swimming and facultatively swimming species at both sites (Fig. 3.1). Along 

with E. eximia, they all consumed some of the highest proportions of fresh phytodetritus seen at 

both sites (Fig. 3.3). Elpidiidae on the Porcupine Abyssal Plain are selective feeders (FitzGeorge-
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Balfour et al. 2010; Stratmann et al. 2023), which is supported by their increase in orders of 

magnitude in abundance following periods of higher flux (Wigham et al. 2003; Billett et al. 

2010; Huffard et al. 2016). We found that Elpidiidae ΣV tissue values varied considerably, from 

2.81 to 4.65, the highest value measured in any animal tissue in this study, suggesting that some 

individuals consume heavily reworked material (Fig. 3.1d). As with the isotopic data, we found 

high variability in gut microbial community composition among Elpidiidae (Fig. 3.5), although 

all three specimens had Cyanobacteria reads indicative of the consumption of fresh phytodetritus 

during both summer and winter (Fig. 3.4), possibly by swimming to increase chances of 

encountering fresh food sources. The four Peniagone sp. individuals in our study had high ΣV 

tissue values (2.97 ± 0.29 in the fall and 3.20 ± 0.31 in the spring), indicative of consumption of 

more heavily reworked material. No Peniagone sp. were recovered with intact gut contents 

during the fall, so our analysis of their gut microbiota is confined to the lower flux season (i.e. 

spring) during which Proteobacteria and Actinobacteria dominated the community composition, 

similar to other Station M species (Fig. 3.4).  

 

3.5.5 Potential functions of gut microbiota in abyssal deposit feeders 

 Alpha diversity was overall lower in DF digestive tracts than in sediments (Fig. 3.6), 

suggesting that the gut environment among all species fostered a more selective and specialized 

community than that of the sediments. This could point to the development of a gut microbiome 

that is distinct from environmentally derived microbes, as indicated by the trophic step increase 

between sediment and gut contents at Station M (Fig. 3.2; Romero-Romero et al., 2021). With a 

differential abundance analysis, we were able to determine which ASVs were enriched in the gut 

contents relative to the sediments (Fig. 3.7). Some of these ASVs are likely derived from 

ingested material, such as the Cyanobacteria which we took to indicate utilization of fresh 

phytodetritus, similar to phytopigments as in FitzGeorge-Balfour et al. (2010). Abundant 

Cyanobacteria were found in the guts of the mobile species O. mutabilis, Elpidiidae spp., and 

Psychropotes spp., which in combination with low δ15NSAA tissue values supports the notion that 

their mobility allows for selectivity of fresher and larger detrital particles. Other ASVs enriched 

in gut contents relative to sediments may have increased in abundance within the guts due to a 

preference for the gut environment. However, we may have missed some of this core 

microbiome by not isolating DNA directly from gut walls (Schwob et al. 2020). 
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Ammonia oxidizing archaea (AOA) in the order Nitrosopumilales were abundant in most 

gut contents (Fig. 3.4), but they were mostly enriched in the sediments (Fig. 3.7). AOA are 

important nitrifiers in the upper water column, particularly in oligotrophic regions like Station 

ALOHA (Karner et al. 2001; Church et al. 2010), as well as in some abyssal sediments (Park et 

al. 2014; Hollingsworth et al. 2021). It is possible that Nitrosopumilales nitrification provides 

additional labile organic matter to the diets of abyssal DFs in the sediments before consumption 

or in their digestive tracts. In a similar way, some endosymbiotic Thaumarchaeota associate with 

sponges, fixing carbon and potentially providing additional nutrition to their hosts (Preston et al. 

1996; Hallam et al. 2006; Haber et al. 2021). Nitrosopumilales were less abundant in the 

digestive tracts of animals that had consumed fresh phytodetritus (Fig. 3.4), possibly suggesting 

that during the seasons when mobile taxa are able to consume less recalcitrant material, they 

have less need to supplement their diet with AOA-derived organic material. However, the δ15N 

values of AOA amino acids have not been measured, so we cannot determine whether the 

consumption of Nitrosopumilales biomass would contribute to the estimated trophic position of 

the DFs. 

 

3.6 Conclusions 

 

 At both the eutrophic Station M and the oligotrophic Station ALOHA, abyssal DFs 

showed evidence of gut microbiomes distinct from the sediment. Gut microbiota and trophic 

isotopic indicators both revealed niche partitioning among the abyssal echinoderms, with fast-

moving and swimming holothurians consuming a greater proportion of large, fresh phytodetritus. 

In contrast, the slower-moving, obligate benthic echinoids consume smaller and more recalcitrant 

detrital particles and showed evidence of additional microbial heterotrophy in their digestive 

tracts. Our findings support the hypothesis that swimming behavior in deep-sea holothurians 

enables the location and consumption of fresh food pulses. We also show that non-swimming 

DFs are more reliant on microbial reworking of ingested material, cultivating gut microbiomes 

dominated by Proteobacteria, Actinobacteria, and in some cases the ammonia-oxidizing 

Thaumarchaeota.  

By combining isotopic trophic indicators with microbial community barcoding, we 

connect microbial and metazoan food webs on the abyssal plain. δ15N AA-CSIA suggests that 
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microbial communities in sediments and digestive tracts act as trophic intermediates for DFs to 

the extent that the animals are secondary, rather than primary, consumers. This might appear to 

be a lengthening of the benthic food web, thus leading to less energy available for higher trophic 

levels that may consume the DFs. However, microbial communities likely break down detrital 

material that would be otherwise unavailable to metazoans (Mayor et al. 2014). Therefore, the 

addition of a gut microbiome trophic step to the abyssal food web may actually increase the 

detritus-based energy available to higher trophic levels on the food-limited abyssal plain, 

particularly energy from small particles that are not well represented in sediment traps.
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CHAPTER 4. Changes in gut microbiota and increases in deposit feeder 

trophic position with depth from shallow reefs to the abyssal plain 

Lee C. Miller, Sonia Romero-Romero, Brian N. Popp, Jeffrey C. Drazen 
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4.1 Abstract 

 

 Microbial communities influence deep-sea metazoans by producing, transforming, and 

altering the availability of the detritus that forms the base of their food webs. One area where 

microbes may directly affect the quality of detritus is in the digestive tracts of deposit feeders. 

We examined the trophic ecology and gut microbiomes of deposit-feeding echinoderms across a 

depth gradient ranging from shallow reefs to abyssal plains in the tropical North Pacific. We 

predicted that microbially reworked material, in particular from microbes residing in deposit 

feeder guts, would make up a larger proportion of their diets with increasing depth due to the 

declining quantity and quality of organic matter in detrital flux. Using compound-specific stable 

isotope analysis of individual amino acids, we found that deposit feeder trophic position 

increased by a full trophic step within the first 500 m of depth, indicating a shift from primary to 

secondary consumption of sediment detritus. The increase in trophic position correlated with a 

decrease in estimated particulate organic matter flux with depth, suggesting it is an adaptation to 

a decreased detrital food supply. Gut microbial community composition varied between 

detritovore fauna originating from different depth zones, although Proteobacteria and 

Planctomycetes were dominant throughout the depth range examined. Potential mutualistic gut 

bacteria, including Chloroflexi, Dadabacteria, and Dependentiae, increased in relative abundance 

with the depth of origin of hosts. Additionally, gut-associated ammonia-oxidizing archaea 

(family Nitrosopumilaceae) increased in relative abundance with host depth of origin, suggesting 

a possible role of archaea-derived organic material in the diets of deep-sea deposit feeders. δ13C 

essential amino acid fingerprinting revealed that shallow water bacterial, fungal, and 

phytoplankton-based endmembers did not encompass the range of values of the deposit feeders 

below the euphotic zone. Archaea should be investigated as a potential additional endmember in 

deep-sea detrital food webs. 

 

4.2 Introduction 

 

 Depth is a major driver of benthic community composition (Nephin et al. 2014), diversity 

(Levin et al. 2001; Nephin et al. 2014; Hoshino et al. 2020), abundance (Cornelius and Gooday 

2004; Rex et al. 2006; Wei et al. 2010; Nephin et al. 2014), biomass (Rex et al. 2006; Deming 
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and Carpenter 2008; Wei et al. 2010), and more. As depth increases, temperature decreases and 

pressure increases, influencing benthic communities (Levin et al. 2001). One of the biggest 

factors driving community changes, however, is the exponential decrease in food supply with 

depth that drives decreases in metazoan biomass and abundance (Wei et al. 2010). Benthic 

microbial and metazoan food webs intersect and influence one another in many ways, including 

through symbiotic relationships such as microbial communities in metazoan digestive tracts 

aiding in digestion. Gut communities aid in the breakdown of low-quality food such as 

phytodetritus in both shallow (Rodríguez-Barreras et al. 2021) and deep (Amaro et al. 2009; 

Peoples et al. 2024) detritivores. Given the depth-related changes in both microbial and 

metazoan communities due to decreases in food quantity and quality, it is likely that the nature 

and strength of gut symbioses may change across depth. However, to date there have been 

limited studies comparing the composition of animal gut microbiota and their functions across 

depth gradients. 

Our understanding of the identity and function of gut microbiota in the deep sea is limited 

to certain taxa and environments, primary fish and chemosynthetic habitats (Osman and Weinnig 

2022; Lu et al. 2023; Xiao et al. 2023). The few studies that have examined animal gut 

microbiomes across a depth range suggest that, as with many ecological patterns, depth is one of 

the primary drivers of microbiome community composition (Ohwada et al. 1980; Lu et al. 2023). 

This is due in part to the increasing dominance of piezophilic microbes (Ohwada et al. 1980; Li 

et al. 2024). However, the trophic position and feeding guild of the host animal is also an 

important influence on gut microbiome composition and function (Sullam et al. 2012). The gut 

microbiomes of detritivores, such as the deposit-feeding echinoderms that are the focus of the 

study, provide a unique environment with which to study the influence of decreasing food quality 

and quantity across depth on microbe-metazoan interactions in detritus-based food webs. In this 

study, we use 16S rRNA community barcoding to characterize the composition and diversity of 

microbial communities associated with deposit feeders across a nearly 5000 m depth range. 

 Carbon and nitrogen stable isotopic composition can be used to characterize trophic 

relationships between microbes and metazoans. Organic material, including tissue from animals 

at all trophic levels, shows logarithmic increases in δ15N values with depth in both benthic and 

pelagic food webs (Altabet et al. 1999; Mintenbeck et al. 2007; Stasko et al. 2018; Chi et al. 

2021). This increase is due to changing food supplies, with increasing heterotrophic reworking of 
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material as detritus sinks from the surface (Altabet et al. 1999). The effect is stronger in feeding 

guilds that feed on pelagic-derived material (e.g. suspension feeders) than benthivores (e.g. 

deposit feeders), but it is seen across taxa (Mintenbeck et al. 2007; Stasko et al. 2018; Guy-Haim 

et al. 2022). These increasing baseline δ15N values make it difficult to isolate metazoan trophic 

dynamics, which also increase δ15N values (Chikaraishi et al. 2009). Compound-specific stable 

isotope analysis of individual amino acids (AA-CSIA) is a technique which allows us to 

separately examine microbial and metazoan trophic dynamics, as well as identify the 

contribution of different sources of organic material to marine food webs. Amino acids are 

classified as trophic amino acids, which show consistent 15N fractionation with metazoan trophic 

steps, and source amino acids, which fractionate primarily from microbial heterotrophic 

reworking (Chikaraishi et al. 2009; Ohkouchi et al. 2017). Comparing the δ15N values of source 

and trophic amino acids allows for accurate estimates of animal trophic level without needing to 

know the δ15N value of material at the base of the food web (Popp et al. 2007; Chikaraishi et al. 

2009). Additionally, δ13C values of essential amino acids, which cannot be synthesized by 

metazoans, create a “fingerprint” that can be used to estimate the contributions of different basal 

food sources such as bacteria, fungi, and algae to metazoan diets (Larsen et al. 2009, 2013; 

McMahon et al. 2016). 

 δ15N and δ13C AA-CSIA has revealed that deposit feeders (DFs) at two different abyssal 

plain sites in the North Pacific are secondary, rather than primary, consumers of detritus. A 

diverse group of holothurians and echinoids have estimated trophic positions of 3, while gut 

contents have a trophic position of 2 and sediments fall at trophic position 1. This suggests that 

microbial communities in gut contents are trophic intermediaries for the DFs (Romero-Romero 

et al. 2021, Chapter 3 of this thesis). This work has not been replicated on shallower DFs, 

leaving it uncertain as to whether this is a unique deep-sea adaptation to an extremely food-

limited environment or instead a consistent feature of DFs across a range of depth habitats. 

 We set out to determine whether DFs show depth-related trends in trophic position, 

consumption of different detrital food sources, and gut microbiome composition and potential 

function, using depth as a proxy for food quantity and quality. To date, no single study has 

examined these factors across the full depth range covered here, from shallow reefs <5 m to the 

abyssal plain at ~4700 m deep. We hypothesized i) deposit feeder gut microbiota change with 

depth, ii) shallow deposit feeders are primary consumers of detritus but show an increase in 
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trophic position with depth as food quality decreases, and iii) bacteria constitute an increasing 

proportion of deposit feeder diet with depth.    

 

4.3 Methods 

 

4.3.1 Sample collection 

 We collected DFs and sediments from four sites in the central North Pacific between 

2019 and 2023 (Fig. 4.1). We collected shallow reef holothurians in December 2023 from the 

Makai pier on the windward coast of O‘ahu, Hawai‘i (19.46°N, 157.67°W, “Makai pier”), which 

has a sandy bottom with scattered coral heads and rocky substrate. 5 holothurians (2 Actinopygna 

obesa and 3 Holothuria atra) were hand-collected at depths less than 5 m (Table 4.1). Fecal casts 

were collected next to the animals in falcon tubes, when they were observed. Four sediment 

cores were also collected near (<1 m away from) each animal, where possible. Holothurians were 

transferred to 1 L plastic bags filled with seawater, which were then placed on ice until animals 

could be dissected. Dissections occurred in a laboratory within 6 hours of collection. Fecal casts 

and sediment cores were also placed on ice and then frozen at -80°C until analysis. We collected 

samples from the slope off the Kona coast of the Big Island of Hawai‘i (19.45°N, 155.96°W, 

“Kona slope”) in December 2023 with the ROV Lu‘ukai aboard the R/V Kilo Moana, including 

three holothurians (1 Laetmogonidae, 2 Mesothuria sp.), two echinoids (Eupatagus lymani), and 

two sediment cores. Seamount and ridge samples were also collected within the Johnston Atoll 

EEZ (16.7°N, 170°W, “Johnston Atoll”) in June and July 2022 with the ROV Hercules aboard 

the E/V Nautilus, including ten holothurians (1 Benthodytes sp., 1 Bohadscia paradoxis, 3 

Elpidiidae, 1 Psychropotes sp., 4 Synallactidae), four echinoids (1 Echinothuriidae, 1 

Phrissocystis multispina, 2 Tromikosoma hispidum), and two sediment cores. Finally, abyssal 

samples were collected from Station ALOHA (22.75°N, 158°W, approx. 4700 m, “Station 

ALOHA”) in July 2019, January 2020, and July 2020 with the ROV Lu‘ukai aboard the R/V Kilo 

Moana, including 12 holothurians (3 Benthodytes spp., 1 Enypniastes eximia, 5 Elpidiidae, 3 

Psychropotes spp.), nine echinoids (Pilematechinus aff.), and eight sediment cores (Table 4.1). 

All animals were dissected using ethanol-sterilized tools to isolate gut contents and gut 

wall, and to take tissue samples for stable isotope analysis. Holothurians were opened with a 

longitudinal cut along the ventral side and echinoids were opened with a circular cut around the 



70 

 

dorsal side. Digestive tracts were carefully removed and opened to access gut contents. When gut 

contents were intact, they were removed from the foregut, midgut, and hindgut using a spatula. 

Foregut samples were taken near the mouth, hindgut samples near the anus, and midgut samples 

around the middle of the digestive tract. Sediment cores were sectioned to isolate the top 0-0.5 

cm (Station ALOHA), top 0-1 cm (Kona slope, Johnston Atoll), or 0-5 cm (Makai pier). After 

processing, all samples were frozen at -80°C until processing. 

 

4.3.2 POC flux 

We estimated POC flux to the depth of each sample following the methods of Lutz et al. 

(2007). Satellite-derived Net Primary Production (NPP) was estimated using the global Standard 

Vertically Generalized Production Model (VGPM) from the Oregon State University’s Ocean 

Productivity portal (www.science.oregonstate.edu/ocean.productivity/custom.php) at a resolution 

of 1/6th of a degree. The Seasonal Variation Index was also calculated as in Lutz et al. (2007), 

using an export zone depth of 100 m. We used a fixed euphotic zone depth of 100 m based on the 

latitude of our samples (Palevsky and Doney 2018). For the Makai Pier samples, which were 

collected above the export zone depth, we instead used average NPP value for that location. 

 

4.3.3 Compound-specific stable isotope analysis 

 We analyzed the δ13C and δ15N values of individual amino acids in DF tissue, gut 

contents, and sediment following the methods of Hannides et al. (2013). Briefly, derivatized 

amino acids from freeze-dried samples were analyzed for δ15N values on a Thermo Scientific 

Delta V Plus IRMS interfaced to a trace gas chromatograph (GC) fitted with a 60 m BPx5 

capillary column through a GC-C III combustion furnace (980 °C), reduction furnace (680 °C) 

and liquid nitrogen cold trap. δ13C values were measured using a Thermo-Fisher Scientific MAT 

253 isotope ratio mass spectrometer interfaced with a Trace Ultra GC-III via ConFlo IV. Samples 

were co-injected with the internal reference amino acids norleucine and aminoadipic acid with 

known δ15N or δ13C values. In addition, every three sample injections we injected a full reference 

suite of amino acids with known δ15N or δ13C values for quality assurance. We normalized the 

δ15N values of sample amino acids using a linear regression between reference suite and sample 

values. δ13C values were corrected following the approach of Silfer et al. (1991). The uncertainty 
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for each amino acid δ15N value was calculated as the standard deviation of three injections, 

where there was sufficient material available (see Fig. S1). 

 

4.3.4 16S rRNA microbial community barcoding 

 Microbial communities in gut contents and sediments were characterized using 16S 

rRNA sequencing following the methods of Chapter 2 of this thesis. 16S rRNA sequences were 

processed and ASVs were generated using the DADA2 pipeline (Callahan et al. 2016), and alpha 

diversity was estimated using the phyloseq package (McMurdie and Holmes 2013) as described 

in Chapter 2 of this thesis. 

 

4.3.5 Stable isotope data analysis 

 We calculated the trophic position of DF tissue, gut contents, and sediments using the 

δ15N values of phenylalanine and glutamic acid following the methods of Chikaraishi et al. 

(2009): TP = (δ15NGlx – δ15NPhe – β)/TDF + 1. δ15NGlx and δ15NPhe are the δ15N values of glutamic 

acid (Glx, including the contribution of glutamine) and phenylalanine (Phe) in the sample. β is 

the difference between δ15NGlx and δ15NPhe in primary producers (3.4±1‰), and TDF is the 

trophic discrimination factor (7.6±1‰), as defined in Chikaraishi et al. (2009). We calculated the 

uncertainty of our trophic position estimates as the propagated error of the δ15N values of Glx 

and Phe, β and TDF (Ohkouchi et al. 2017). 

 We calculated the ΣV parameter, a proxy for heterotrophic resynthesis of amino acids, 

based on the methods of McCarthy et al. (2007): ΣV = 1/n Σ Abs(χi). In this equation, n is the 

total number of AAs used for the calculation and χi is the deviation of the δ15N value of amino 

acid i from the mean δ15N value of the n amino acids [δ15Ni – (Σ δ15Ni/n]. ΣV was calculated 

based on the trophic amino acids alanine, valine, isoleucine, proline, aspartic acid, and glutamic 

acid. 

 

4.3.6 Statistical analysis 

Statistical analyses were done using the vegan package implemented in R (Oksanen et al. 

2024). We used linear regressions to determine trends in trophic position, POC flux, and δ15NSAA 

values with depth, as well as to test the correlations between trophic position and POC flux. For 
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microbial community composition, we created a Principal Coordinate Analysis (PCoA) based on 

a Bray-Curtis dissimilarity matrix of ASV abundance. Additionally, we compared the Shannon 

diversity, Simpson diversity, and Chao1 richness of microbial communities between sample 

types with an analysis of variance (ANOVA).  

To test the influence of depth, site, DF taxon, and sample type on microbial community 

composition, we used PERNAMOVAs, with microbial abundance designated at the family level. 

For all analyses, P < 0.05 was considered significant.
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3Table 4.1. Animal and sediment collections at four sites. 

Site Species 

n 

collected Depth (m) Latitude Longitude Month Analyses 

Makai pier Actinopygna obesa 2 <5 21.32°N 157.67°W December 2023 16S, AA-CSIA 

 Holothuria atra 3     16S, AA-CSIA 

 Fecal cast 3     16S 

 Sediment 4     16S, AA-CSIA 

Kona slope Eupatagus lymani 2 302 19.46°N 155.94°W December 2023 16S, AA-CSIA 

 Mesothuria sp. 2 497-505 19.46°N 155.94°W  16S, AA-CSIA 

 Laetmogonidae 1 899 19.45°N 155.96°W  16S, AA-CSIA 

 Sediment 2 899-902 19.45°N 155.96°W  16S, AA-CSIA 

Johnston Atoll Elpidiidae 1 2903 18.71°N 171.32°W July 2022 16S 

 Elpidiidae 2 3263-3300 16.24°N 171.88°W June 2022 16S, AA-CSIA 

 Bohadscia paradoxsis 1 151 16.71°N 169.57°W July 2022 16S, AA-CSIA 

 Synallactidae 2 883-894 16.71°N 169.59°W July 2022 16S, AA-CSIA 

 Synallactidae 1 1206 16.70°N 169.62°W July 2022 16S 

 Echinothuriidae 1 1487 15.17°N 171.06°W July 2022 16S, AA-CSIA 

 Tromikosoma hispidum 1 1628 16.69°N 169.63°W July 2022 16S 

 Tromikosoma hispidum 1 1674 14.13°N 167.37°W July 2022 16S, AA-CSIA 

 Synallactidae 1 1904 18.67°N 180.94°W July 2022 16S 

 Phrissocystis multispina 1 1907 19.46°N 170.99°W July 2022 16S 

 Psychropotes sp. 1 2278 18.72°N 171.34°W July 2022 16S, AA-CSIA 

 Benthodytes sp. 1 2483 18.79°N 170.50°W July 2022 16S 

 Sediment 1 883 16.71°N 169.59°W July 2022 16S, AA-CSIA 

 Sediment 1 2289 18.72°N 171.34°W July 2022 16S, AA-CSIA 

Station ALOHA Benthodytes spp. 2 ~4700 m 22.75°N 158°W July 2020 AA-CSIA 

 Enypniastes eximia 1    July 2020 AA-CSIA 

 Elpidiidae 1    January 2020 16S, AA-CSIA 

 Elpidiidae 4    July 2020 16S 

 Pilematechinus aff. 2    July 2019 AA-CSIA 

 Pilematechinus aff. 1    January 2020 16S, AA-CSIA 

 Pilematechinus aff. 6    July 2020 16S, AA-CSIA 

 Psychropotes sp. 1    January 2020 16S 

 Psychropotes spp. 2    July 2020 16S, AA-CSIA 
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Table 4.1. (Continued) Animal and sediment collections at four sites. 

 Sediment 2    July 2019 16S, AA-CSIA 

 Sediment 3    January 2020 16S, AA-CSIA 

 Sediment 3    July 2020 16S, AA-CSIA 
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4.4 Results 

 

4.4.1 Trophic changes with depth 

 A number of trophic indicators changed with increasing habitat depth in the deposit 

feeders. The average δ15N values of the source amino acids phenylalanine and lysine (δ15NSAA) 

showed a logarithmic increase with depth for DF tissue (linear regression of log transformed 

data, t = 3.03, P < 0.01) but did not have a relationship with depth in gut contents (linear 

regression, P > 0.05) (Fig. 4.2a). We did not have enough data to determine whether there was a 

relationship between δ15NSAA and depth for sediments, as many of the sediment samples did not 

contain high enough quantities of amino acids for CSIA. We did not isolate enough amino acids 

from Station ALOHA sediment cores to calculate a trophic position, so we used POM sampled 

from the water column 50 meters above the bottom. This included material captured in moored 

sediment traps, as well as particles filtered in situ and size fractionated to 0.3-1 μm and 1-53 μm, 

previously reported in Chapter 2 of this thesis. The estimated trophic position of sediment and 

gut contents did not change with depth, remaining around 1 and 2, respectively (linear 

regression, P > 0.05). DF tissue trophic position, however, had a logarithmic increase with depth 

(Fig. 4.2b; linear regression, t = 4.07, P < 0.001) from about 2 to 3.  Tissue trophic position had a 

negative linear relationship with POC flux (linear regression, t = -3.34, P < 0.01), which also 

decreased logarithmically with depth (linear regression, t = -8.82, P < 0.0001) (Fig. 4.2).  

δ13C EAA values were not influenced by depth, sample type, or DF species (Fig. 4.3, 

PERMANOVA, P > 0.05). We included five endmembers from Larsen et al. (2013) to our 

probabilistic PCA, including bacteria, fungi, macroalgae, microalgae, plants, and seagrass. The 

shallow and terrestrial endmembers (plants and seagrass) were included despite the deep-sea 

nature of most of our samples because of the possibility of terrestrial input in marine sediments 

close to major landmasses such as the Hawaiian Islands (Kandasamy and Nagender Nath 2016). 

We found that most of our samples did not cover the same PCA space as the endmembers, with 

the exception of tissue from Bohadscia paradoxis at 151 m and Synallactidae at 883 m, which 

overlapped with the bacteria and fungi endmembers (Fig. 4.3). 
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4.4.2 Gut microbiota changes with depth 

 Microbial community composition in both sediments and digestive tracts was influenced 

by depth (PERMANOVA, F = 16.65, P < 0.001; Fig. 4.4, 4.5). Community composition also 

differed between sediments and gut contents (PERMANOVA, F = 2.66, P < 0.01), as well as 

between the different digestive tract regions (foregut, midgut, hindgut; PERMANOVA, F = 1.78, 

P < 0.01). Shannon diversity, Simpson diversity, and Chao1 abundance did not change with 

depth (linear regression, P > 0.05). All three alpha diversity measures also did not differ between 

gut contents and sediment (t-test, P > 0.05). Shannon diversity differed by host species (ANOVA, 

F = 2.28, P = 0.012), as did Chao1 abundance (ANOVA, F = 2.51, P = 0.0059), but Simpson 

diversity did not (ANOVA, P > 0.05). 

 Among the 24 most abundant microbial families among all gut contents samples, 8 

increased in proportional abundance with depth (Acidiobacteria, Actinobacteria other, 

Chloroflexi other, Dadabacteria, Dependentiae, Woeseiaceae, Hyphomicrobioaceae, and 

Nitrosopumilaceae; linear regression, P < 0.05), 8 decreased in proportional abundance with 

depth (Xenococcaceae, Cyanobacteria other, Firmicutes, Planctomycetes other, Pirellulaceae, 

Rhizobiaceae, Rhodobacteraceae, and DEV007; linear regression, P < 0.05), and 8 did not show 

a relationship with depth (Microtrichaceae, Bacteroidetes, Anaerolineaceae, Kiloniellaceae, 

Moritellaceae, Proteobacteria other, Tenericutues, and Microtrichaeae; linear regression, P > 

0.05) (Fig. 4.6). 

 



77 

 

  

14Figure 4.1. Sample locations, collection depths, and number of animals and sediment cores 

collected at each location. Inset shows Johnston Atoll sampling site, indicating individual sample 

locations within it. 
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15Figure 4.2. a) Average δ15N value of the source amino acids phenylalanine and lysine and b) 

estimated trophic position of sediments (orange), gut contents (green), and tissue (blue) across 

depth. Error bars show a) standard deviation or b) propagated error. Lines show linear models 

for sediment (y = 2664x + 5580, R2 = 0.12), gut contents (y = 933.1x + 738.7, R2 = 0.10), and 

tissue (δ15NSAA y = 1073log(x) + 1657, R2 = 0.27; trophic position y = 5740log(x) – 2930, R2 = 

0.39). Black points show estimated POC flux at the depth and location of each sample with 

logarithmic trend line (y = 2240log(x) – 1052, R2 = 0.44). 
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16Figure 4.3. Probabilistic PCA based on δ13C values of essential amino acids. Open symbols 

represent the average value of each endmember from Larsen et al. (2013) and filled symbols are 

samples from this study. 
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17Figure 4.4. Proportion of ASVs within each sample from a) Makai pier, b) Kona slope, c) 

Johnston Atoll, and d) Station ALOHA, colored by family and phylum. When multiple samples 

were taken from a single individual, dotted black lines outline the individual. Samples are 

arranged by increasing depth within each site. 

 

  

18Figure 4.5. Principal coordinate analysis (PCoA) of microbial composition at the family level, 

colored by depth with shapes representing sample type. 
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19Figure 4.6. Depth trends for the most abundant microbial families and phyla among all gut, 

fecal cast, and sediment samples. a) Taxa that increased in proportional abundance with depth 

(linear regression, P < 0.05), b) taxa that decreased in proportional abundance with depth (linear 

regression, P < 0.05), and c) taxa that did not show trends in proportional abundance with depth 

(linear regression, P > 0.05). Points show individual samples while lines show linear regressions. 

 

4.5 Discussion 

 

4.5.1 Deposit feeder trophic position increases with depth 

 Depth was associated with changes in both trophic position and gut microbiome 

community composition for DFs from shallow reefs (<5 m) to abyssal plains (~4700 m). An 

increase in trophic position, from primary to secondary consumers, corresponded to the decrease 

in POC flux, occurring primarily within the upper 500 m (Fig. 4.2b). We calculated DF trophic 

position based on δ15N values of phenylalanine and glutamic acid, which accounted for the 

increasing δ15NPhe with depth, meaning that this trophic increase was not simply a result of 

increasing baseline δ15N values, which were highly variable across the depth range (Fig. 4.2a; 

Chikaraishi et al. 2009; Ohkouchi et al. 2017). In fact, the trophic position of sediments and gut 
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contents remained consistent across depth (Fig. 4.2b), suggesting that the DF tissue increase is 

reflective of changing ecological strategies rather than driven by the trophic position of ingested 

POM. It is important to note that samples of gut contents reflect the current diet while tissue 

samples integrate over longer periods of time; however we do not believe that the differing 

trends in the trophic position of these sample types were caused by the temporal mismatch. The 

trophic step increase from gut contents to tissue was seen across all three deep-sea sites and 

during all five sampling time periods, meaning that it is unlikely that it resulted from isolated 

flux events bringing unusually low trophic position material to the sediments. 

At Station ALOHA we were unable to calculate trophic position from the sediments 

directly, so instead we looked at the trophic position of various types of POM captured at 50 

meters above the bottom. Sediment detritus is likely made from a mixture of these sources, 

which ranged in trophic position from 0.69 to 2.24 (Fig. 4.2b; Chapter 2 of this thesis). The δ15N 

source amino acid values of the DFs at Station ALOHA indicate that they consume multiple 

particle types (Chapter 3 of this thesis), suggesting that the average POM trophic position of 1.35 

± 0.65 is a reasonable estimate for the abyssal sediments. Together with the lack of change in gut 

content trophic position with depth, this lends confidence that the increase in DF trophic position 

is not primarily due to a change in baseline detritus trophic position. Instead, we suggest that the 

increase in trophic position may be attributed to increasing utilization of microbial gut 

communities as trophic intermediates. In particular, microbial communities within digestive 

tracts may contribute to DF detrital consumption in the deep sea, where food quantity and quality 

are poor. 

 

4.5.2 Identity and potential function of gut-associated microbiota 

In contrast to the change in trophic position, which primarily occurred within the first 500 

m, DF gut microbiomes changed continuously with depth. The shallowest DF gut microbiomes, 

from <5 m and 151 m, were the most distinct from those of the other DFs, but the changes 

continued throughout the full depth range (Fig. 4.5). The gut communities of most DFs were 

dominated by Proteobacteria and Planctomycetes (Fig. 4.4), both of which are common gut 

symbiotes in other echinoderms (Gao et al. 2014; Hakim et al. 2016; Yamazaki et al. 2019; 

Rodríguez-Barreras et al. 2021). Within Proteobacteria, however, the most abundant families 

changed with depth, with an increasing proportion of Woesiaceae and Hyphomicrobiaceae and a 
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decreasing proportion of Rhizobiaceae and Rhodobacteraceae (Fig. 4.6). Woesiaceae are 

abundant in both shallow and deep marine sediments, where they are prominent heterotrophs as 

well as potential chemolithoautotrophs (Mußmann et al. 2017). Hyphomicrobiaceae and 

Rhizobiaceae, both members of the order Hyphomicrobiales, are often involved in nitrogen 

fixation, particularly in association with terrestrial plants (Li et al. 2023; diCenzo et al. 2024). 

Rhodobacteraceae are also known to have associations with marine animals including corals 

(Pujalte et al. 2014; Luo et al. 2021). All four families, as well as others in the phylum 

Proteobacteria, have a strong possibility of forming mutualistic relationships with the 

echinoderms in whose gut contents they were found. 

 We observed a decrease in the relative abundance of surface-living photoautotrophic 

Cyanobacteria with depth, particularly the family Xenococcaceae. This was likely a reflection of 

the decreasing quality of phytodetritus with depth, resulting in less labile material with 

cyanobacterial DNA. However, we did find Cyanobacteria reads in gut contents all the way 

down to the abyssal plain (Fig. 4.4), suggesting that the selective feeding of some DFs allows 

them to consume relatively fresh material (Chapter 3, this thesis). We might expect to find 

δ13CEAA fingerprints matching those of microalgae in the DFs with high proportions of 

Cyanobacteria, but all DFs matched more closely with the bacterial and fungal signals, 

suggesting that fresh phytodetritus is not the dominant source of energy for any of the 

echinoderms, even those from the reef (Fig. 4.3). 

The microbial taxa that increased in relative abundance with depth included 

Acidobacteria, Actinobacteria, Chlorflexi, Dadabacteria, Dependentiae, and Nitrosopumilaceae. 

Acidobacteria, Actinobacteria, and Chloroflexi have been found to be enriched in the foregut but 

not hindgut contents of shallow holothurians relative to surrounding sediments, possibly due to 

selective feeding (Gao et al. 2014). Little is known about the phyla Dadabacteria and 

Dependentiae, but both show indications of host-dependent lifestyles through genome 

streamlining (Graham and Tully 2021; Weiss et al. 2023). Some members of Chloroflexi also 

form close symbioses with sponges (Bayer et al. 2018). While these taxa were found in DF gut 

tracts throughout the full depth range (Fig. 4.4), the increasing dominance of these potentially 

symbiotic phyla and families points to their possible role as endosymbiotic trophic intermediates 

for deep-sea DFs. 
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While we have focused on the putative mutualistic and commensal relationships between 

DFs and gut communities, pathogenic microbes likely also form part of the gut microbiota. Of 

note, one echinoid (Echinothuriidae) collected from 1487 m at Johnston Atoll had a gut 

community dominated by the family Moritellaceae, which made up a small proportion of ASVs 

in all other samples (Fig. 4.4). Moritellaceae includes well-known fish pathogens (Urakawa 

2014), and the abundance of the genus Moritella increased in association with the progression of 

sea star wasting disease in shallow asteroids (McCracken et al. 2023), but Moritellaceae are not 

currently known to infect echinoids. Other techniques such as metagenomics and 

metatranscriptomics may be useful in elucidating the nature of gut symbioses, whether they be 

pathogenic, commensal, or mutualistic, in deep-sea animals. 

 

4.5.3 Potential archaeal contributions to deposit feeder diets 

One of the most prominent families, particularly in DFs and sediments below 500 m, was 

Nitrosopumilaceae, a primarily ammonia-oxidizing archaeal (AOA) family which contribute to 

nitrification in the deep water column and in sediments in the tropical Pacific (Beman et al. 

2008; Hatzenpichler 2012; Hollingsworth et al. 2021). They have also been found as obligate 

symbiotes in both shallow coastal and deep-sea sponges (Preston et al. 1996; Haber et al. 2021). 

The high proportion of Nitrosopumilaceae reads in our deepest DF digestive tracts could be 

derived from diet, with the family also found in abyssal sediments (Fig. 4.4). Regardless of 

origin, diet versus resident gut microbes, the increasing AOA presence with depth indicates an 

increasing importance of archaea-derived nitrogen for DFs. 

We expected to find an increase in the proportion of bacteria-derived material consumed 

by DFs with depth based on our hypothesis that the decreasing quality of phytodetritus would 

require deeper-living DFs to rely more on bacterial resynthesis. However, our use of δ13C 

fingerprinting revealed that while our shallow reef DFs appeared to consume primarily bacteria- 

and fungi-derived material, most other DFs had δ13C essential amino acid values that fell outside 

the range of the known endmembers outlined in Larsen et al. (2013) (Fig. 4.3). The δ13C values 

of each essential amino acid were generally lower than any of the Larsen et al. (2013) 

endmembers except plant material, which had much lower values. While plant material may 

contribute to the diets of some of the shallower and near shore DFs, we do not think it explains 

the low values of animals collected from seamounts near Johnston Atoll, where very little plant 
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material would be expected due to a lack of significant landmass within hundreds of kilometers. 

This suggests deep-sea organic material incorporates additional endmember(s) not included in 

the shallow marine material generally used in δ13C fingerprinting mixing models, something that 

has also been found in sinking particles using δ15N analyses (Chapter 2 of this thesis). 

Based on the increasing proportional abundance of ammonia-oxidizing 

Nitrosopumilaceae in both sediments and DF digestive tracts, we suggest that organic material 

generated from archaeal autotrophy should be considered as an additional potential endmember 

for deep-sea detritivores. Unfortunately, to our knowledge the δ13C values of essential amino 

acids in AOA have not yet been quantified. However, Könneke et al. (2012) found that terrestrial 

Nitrosopumilaceae grown autotrophically in culture decrease bulk δ13C values by as much as 

19.8 ‰ relative to the inorganic carbon they consumed. Heterotrophic archaea have similar δ15N 

values for most amino acids compared to bacteria (Yamaguchi et al. 2017), but the different 

amino acid pathways in autotrophic AOA versus heterotrophic bacteria (Wright and Lehtovirta-

Morley 2023) could lead to different δ15N and δ13C fractionation.  

We suggest that as depth increases, DFs at the base of benthic food webs may 

increasingly supplement their detrital food sources with archaea-derived organic material, 

possibly originating from their gut microbiota. However, additional isotopic analyses of archaea, 

ideally from the deep sea, will be necessary to investigate this hypothesis. 
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CHAPTER 5. Conclusions 
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 Throughout my three data chapters, I combined compound-specific isotope analysis with 

16S rRNA microbial community barcoding to understand how microbial communities affect 

detritus in the deep sea. Chapter 2 focuses on the microbial transformations that occur on 

particulate organic matter as it sinks from the euphotic zone to the abyssal seafloor. Chapters 3 

and 4 look directly at microbial impacts on benthic animal food webs by examining the 

microbial communities associated with the digestive tracts of deposit-feeding echinoderms. I 

evaluate how these microbe-animal associations differ based on detrital food supply by 

comparing, in Chapter 3, abyssal deposit feeders (DFs) at a high flux site (Station M) versus a 

low flux site (Station ALOHA). In Chapter 4, I use a depth gradient as a proxy for food supply, 

characterizing the microbiomes of deposit feeders from a shallow reef down to the abyssal plain. 

With future work, I hope to continue these investigations with additional techniques that will 

allow me to more quantitatively understand the roles that gut microbiota play in deep-sea animal 

nutrition and food web structure. 

 

5.1 Chapter 2: Transformations of particulate organic matter from the surface to the 

abyssal plain in the North Pacific as inferred from compound-specific stable isotope and 

microbial community analyses 

 

 One major finding from this chapter was how sampling method affects our understanding 

of particulate organic matter (POM) flux. Using the δ15N values of the source amino acids 

(SAAs) phenylalanine and lysine, I found that the material captured in abyssal moored sediment 

traps resembles large, fast-sinking particles at both Station M and Station ALOHA (Fig. 2.2). 

This contrasted with particles filtered in situ from the water column at the same depths, which 

had higher δ15NSAA values indicative of more heterotrophic microbial reworking. The sediment 

trap material also had higher estimated trophic positions, suggesting metazoan-derived material 

such as zooplankton fecal pellets could be a source of the large particles captured in traps. This 

finding is important as sediment traps have typically been used to quantify and characterize the 

flux available to deep-sea organisms (Buesseler et al. 2007; Honjo et al. 2008). As I show in 

Chapter 3, the smaller and more microbially reworked particles captured with in situ filtration 

contribute substantially to the diets of deposit feeders at both sites. Therefore, if moored traps are 
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used as the primary method of collection for estimating POM flux, an important component of 

the flux is missed. 

 While the low δ15NSAA values and high trophic position of sediment trap material 

indicated a possible fecal pellet contribution, other isotopic analyses did not support that 

hypothesis. I recreated a mixing model based on phenylalanine-corrected δ15N values of alanine 

and threonine, which Doherty et al. (2021) used to distinguish zooplankton fecal pellets from 

phytoplankton/phytodetritus and microbially degraded POM. At both sites, the sediment trap 

material had less than a 50% possible contribution of zooplankton-derived material, instead 

showing a greater proportion of microbially degraded material than the filtered particles. This 

finding, which was in contrast to that of the δ15NSAA values, was likely due to the δ15NThr-Phe and 

δ15NAla-Phe values of many of our samples, both particles and sediment traps, falling outside the 

range of values of the Doherty et al. (2021) endmembers (Fig. 2.3). I suggest that additional 

endmember characterization is needed to apply this analysis more confidently to deep-sea 

samples. In particular, microbial endmembers should include a variety of heterotrophic and 

autotrophic bacteria and archaea. 

 A more expected pattern that I observed was an increase in δ15NSAA values with depth, 

seen across all particle size fractions in both locations (Fig. 2.2). This is likely due to 

heterotrophic microbial activity (Hannides et al. 2013), which led to larger increases in the 

smaller size fractions as they take longer to sink, allowing for more time for microbial 

colonization and reworking (Alldredge 1998). The δ15NSAA value increase occurred primarily 

within the first 400 m of the water column for all size fractions (Fig. 2.2), marking the lower 

euphotic and upper mesopelagic as regions of significant microbial transformations of sinking 

detritus. Particles from this area of the water column at Station ALOHA contained high 

abundances of ammonia-oxidizing archaea belonging to the family Nitrosopumilaceae (Fig. 2.4). 

Across Station ALOHA particle samples, the relative abundance of Nitrosopumilaceae positively 

correlated with δ15NSAA values (Fig. 2.6). I suggest that this indicates high heterotrophic 

reworking produces waste products, such as ammonia, that support abundant ammonia-oxidizing 

archaea in the upper water column. 
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5.2 Chapter 3: Niche partitioning among abyssal deposit-feeding echinoderms is linked to 

mobility and gut microbiota 

 

 Building on Chapter 2, which examined microbial communities associated with sinking 

POM and their transformations of the detritus, in Chapter 3 I continued these analyses to the 

seafloor. In Romero-Romero et al. (2021) we used AA-CSIA to demonstrate that the abyssal DFs 

studied are secondary consumers of sedimentary detritus at Station M and postulated that gut 

microbiota act as trophic intermediates, breaking down low-quality phytodetritus ingested by 

DFs. I replicated these analyses at Station ALOHA, where the DFs studied were also found to be 

secondary consumers with trophic positions as high as 4 (Fig. 3.1). I also examined microbial 

community composition in the digestive tracts of animals at both sites and found lower diversity 

than in the sediments, indicating that DFs guts are a selective environment with microbial 

communities distinct from those associated with ingested sediment (Fig. 3.6). While the 

taxonomic composition of sediment and gut microbiota was similar, the many ASVs enriched in 

gut contents relative to sediment further supports the digestive tracts of DFs as unique microbial 

environments (Fig. 3.7). 

 Among the microbial taxa found in DF digestive tracts, Cyanobacteria were abundant in 

the Station M species Echinocrepis rostrata and Oneirophanta mutabilis during the high-flux fall 

season (Fig. 3.4). This finding supports the characterization of these species as selective feeders 

targeting fresh phytodetritus, particularly O. mutabilis which is fast-moving (Kaufmann and 

Smith 1997). However, fresh phytodetritus does not constitute the majority of either species’ diet 

according to the results of a two-factor mixing model incorporating δ15NSAA values of the 

sediment trap material versus small, filtered particles from Chapter 2. E. rostrata and O. 

mutabilis primarily consumed a majority of small, recalcitrant material, in contrast to other 

species at both sites that consumed large, labile POM (Fig. 3.3).  

 The DFs that consumed the most sediment-trap captured material, which is likely fresher 

and therefore more nutritious (De La Rocha and Passow 2007), were holothurians capable of 

swimming. Swimming behavior is common among deep-sea holothurians, particularly in the 

family Elpidiidae, but its function in feeding via location or increased encounter of patches of 

fresh phytodetritus has previously only been speculated (Chimienti et al. 2019; Gebruk and 

Kremenetskaia 2024). I showed that benthopelagic and facultatively swimming holothurians at 
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both sites overall consumed fresher material with lower δ15NSAA values than fully benthic 

echinoids and holothurians (Fig. 3.3), pointing to swimming ability as an additional method of 

niche partitioning on the abyssal plain. 

 As they are less able to compete with swimming holothurians for fresh detritus following 

flux pulses, non-swimming echinoderms may therefore be more reliant on gut microbes to break 

down and increase the availability of the detritus they consume. Focusing on the gut 

communities of the echinoids E. rostrata at Station M and Pilematechinus aff. at Station 

ALOHA, I found they were enriched relative to sediments in a variety of microbial taxa, 

especially Proteobacteria and Actinobacteria (Fig. 3.7), known gut residents in shallow and deep 

echinoderms (Amaro et al. 2009; Schwob et al. 2020; Rodríguez-Barreras et al. 2021). 

Additionally, I found high relative abundances of Nitrosopumilaceae in sediments and most DF 

digestive tracts at both sites (Fig. 3.4). This shows that outside of their potential role in upper 

water column POM recycling, as described in Chapter 2, they may alter POM once it reaches 

sediments, potentially increasing its availability for abyssal DFs. 

 

5.3 Chapter 4: Gut microbiota associated with increases in deposit feeder trophic position 

with depth from shallow reefs to the abyssal plain 

 

 In this chapter, I characterized the trophic positions and gut microbiota of DFs across a 

~4700 m depth range, from a shallow reef to the abyssal plain, to examine the impact of food 

supply on trophic ecology in the deep sea. Comparing echinoids and holothurians from four sites 

around Hawai‘i (Table 4.1, Fig. 4.1), I found a logarithmic increase in trophic position following 

a shift from primary to secondary consumption (Fig. 4.2). This increase occurred within the first 

500 m of depth, after which DF trophic position stayed around 3 despite interspecific variation. 

The increase in trophic position correlated negatively with estimated particulate organic carbon 

(POC) flux to each DF’s depth (Fig. 4.2), indicating it may be an adaptation to the decreasing 

food supply available to DFs below the euphotic zone. 

 Unlike trophic position, gut microbiome composition changed continuously throughout 

the depth range (Fig. 4.5). While Proteobacteria were dominant in all depths (Fig. 4.4), there was 

a shift with depth away from the relative abundance of certain groups including the phyla 

Cyanobacteria and Firmicutes and towards the abundance of other groups including the phyla 
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Actinobacteria, Chloroflexi, and Dadabacteria, and the family Nitrosopumilaceae (Fig. 4.6). The 

decrease in Cyanobacteria mirrors the declining POC flux, supporting my use of Cyanobacteria 

reads as a marker of consumption of fresh detritus in Chapter 3. Once again, Nitrosopumilaceae 

appear to be important members of the microbial community in deep-sea sediments and DF gut 

contents. 

 In addition to the 15N analysis as performed in Chapters 2 and 3, I used δ13C 

fingerprinting of essential amino acids (EAAs) to track changes in the contribution of different 

potential endmembers to DF diet with depth. Unexpectedly, most of my specimens fell outside 

the range of values of endmembers as characterized by Larsen et al. (2013): bacteria, fungi, 

seagrass, microalgae, macroalgae, and terrestrial plants (Fig. 4.3). While bacteria and fungi 

overlapped with the shallowest DFs in Principle Component Analysis (PCA) space (Fig. 4.3), 

many of the deep-sea individuals had EAA δ13C values lower than any of the expected 

endmembers. As in Chapter 2, I suggest that additional endmember isotope analysis is needed to 

apply these analyses, which were developed in shallow water ecosystems, to the deep sea. 

Chemoautotrophic archaea, such as the Nitrosopumilaceae, that were increasingly abundant in 

DF gut microbiota with depth, may have distinct δ15NSAA and δ13CEAA values that could be used 

to quantify their contributions to deep-sea food webs. 

 

5.4 Synthesis and future directions 

 

 When examining all three data chapters together, a few overarching conclusions emerge. 

First, the supply of POM to the deep sea is not homogenous. We can distinguish different particle 

sizes as captured with sediment traps versus in situ filtration, and their differing δ15NSAA values 

illuminate two distinct detrital food sources for benthic DFs: a large, fast-sinking fraction that is 

well-represented in sediment traps, and a small, slowly-sinking, and heavily reworked fraction 

that is missed by traps. Both detrital sources are consumed by abyssal DFs in both high- and low-

flux sites, so characterizing flux using only sediment traps ignores a fraction of POM that is 

important to benthic food webs. Niche partitioning on the basis of mobility and particle 

selectivity allows some DFs to locate and consume seasonal pulses of fresh phytodetritus, while 

others are more reliant on the small and recalcitrant particles.  
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 There were some similarities in the composition of microbial communities associated 

with all three detritus types (filtered particles, sediments, and DF gut contents). At the phylum 

level, Proteobacteria dominated most samples, although the lower taxonomic classifications 

within the phylum differed (Fig. 2.4, 3.4, 4.4). The other taxon that appeared most consistently 

was Nitrosopumilaceae, the ammonia-oxidizing archaea. Nitrosopumilaceae have previously 

been noted as nitrifiers in the upper water column (Ingalls et al. 2006; Church et al. 2010) and in 

abyssal sediments (Park et al. 2014; Hollingsworth et al. 2021) in the Pacific, so their presence in 

these samples is not unexpected. However, what was unexpected was the prominent role they 

appear to play in all three contexts. In the upper water column at Station ALOHA, their 

abundance was associated with a region of high heterotrophic reworking. On the other hand, 

Nitrosopumilaceae relative abundance increased in sediments and gut contents with depth 

despite the decreasing POC flux. Ammonia-oxidizing archaea are typically the dominant 

nitrifiers in oligotrophic waters and sediments, being able to utilize lower concentrations of 

ammonia than bacteria (Ward 2008; Martens-Habbena et al. 2009). Whether or not members of 

this family act as gut-specific symbionts, their dominance in the most food-limited deep-sea 

ecosystems suggests their transformations of organic material affect the detritus consumed by 

DFs that survive on low, poor-quality food. 

 My ability to quantify the role of archaea such as Nitrosopumilaceae in deep-sea food 

webs was limited due to a lack of information on their isotopic effects. No studies have 

quantified the δ13CEAA fractionation associated with archaeal chemoautotrophy, although 

(Könneke et al. 2012) showed that Nitrosopumilaceae deplete bulk 13C by almost 20‰. Based on 

their distinct amino acid synthesis pathways (Wright and Lehtovirta-Morley 2023), it is possible 

that ammonia-oxidizing and other chemoautotrophic archaea have distinct δ13C EAA fingerprints 

from heterotrophic bacteria, which have previously been used as the sole microbial endmember 

(Larsen et al. 2013). It is also possible that deep-sea heterotrophic and chemoautotrophic 

bacteria, the vast majority of which have never been grown in cultures, have unique fingerprints 

as well. While deep-sea archaea are difficult to grow in culture, characterizing the amino acid 

δ13C and δ15N values of terrestrial Nitrosopumilaceae and other ammonia oxidizers will be an 

important step in determining whether they have unique isotopic signatures that could be used to 

trace their contributions to deep-sea food webs. My sediment trap, particle, and DF tissue 

samples that fell outside the δ15NSAA and δ13CEAA ranges of known endmembers indicate a need 
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for an expansion of endmembers in order to utilize AA-CSIA to its fullest extent in the deep sea. 

For example, if ammonia-oxidizing archaea have higher δ15NAla values than heterotrophic 

bacteria, their presence could contribute to the deep sediment trap samples that I found did not 

match any of the endmembers used in Doherty et al. (2021) (Fig. 2.3a). 

 Another step to better understand microbe-DF interactions in the deep sea would be to 

capture DFs alive and perform controlled feeding experiments on them. Abyssal DFs collected 

with Remotely Operated Vehicles (ROVs), as they were in this study, are not generally retrieved 

alive, likely due to the extreme changes in temperature and pressure. However, shallower DFs 

collected from just below the euphotic zone and below 500m, where the greatest trophic changes 

were observed, may be more viable. I would like to collect deep-sea DFs and maintain them in 

aquaria as in Wilson et al. (2013). Once the animals are acclimated, their core microbiome could 

be determined by feeding them different types of sterilized detritus. Microbial taxa that are 

enriched following the consumption of sterilized, high-quality food could be identified as 

opportunistic microbiota taking advantage of fresh phytodetritus consumed by those species able 

to access it. Those enriched following the consumption of highly degraded detritus, on the other 

hand, could be taxa that help DFs survive on low-quality food they consume between pulses of 

fresh material. Furthermore, metagenomics and metatranscriptomics may reveal the specific 

metabolic pathways that certain microbial taxa use to break down recalcitrant material. For 

example, gut taxa identified as degrading chitin or cellulose, materials that animals cannot digest 

on their own, could be key microbiota enabling DFs to consume more nutrients from 

phytodetritus (Peoples et al. 2024). 

Finally, I would like to extend these analyses to other deep-sea detrital food webs, namely 

those in the pelagic realm. Pelagic detritivores include zooplankton that repackage small, slowly-

sinking particles into fast-sinking fecal pellets (Turner 2015). Giant larvaceans also collect 

particles on their mucus houses, which are discarded multiple times per day and sink quickly into 

the deep benthos (Davoll and Youngbluth 1990; Vargas et al. 2002). I would like to use 

metagenomics and metatranscriptomics, in combination with further 16S rRNA community 

barcoding, to characterize the identity and functions of microbial communities associated with 

larvacean and other zooplankton gut tracts, fecal pellets, and discarded houses. Differences in 

these communities may reveal how specific microbial taxa and communities aid in the 

zooplankton-mediated export of surface carbon and fuel the deep-sea benthos.
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APPENDIX A 

 

Table S1. ASVs with significant (p < 0.05) linear relationships with δ15N values of source amino 

acids. Taxonomy shown was assigned using the Silva 138.1 prokaryotic SSU taxonomic training 

data (McLaren and Callahan 2021); “NA” indicates taxon unknown. 

Phylum Class Order Family Genus R2 P 

Euryarchaeota Thermoplasmata Marine Group II NA NA 0.649762 0.005 

Euryarchaeota Thermoplasmata Marine Group III NA NA 0.490835 0.036 

Nitrospinae Nitrospinia Nitrospinales Nitrospinaceae LS-NOB 0.623400 0.005 

Proteobacteria Alphaproteobacteria SAR11 clade Clade II NA 0.550543 0.007 

Proteobacteria Alphaproteobacteria SAR11 clade Clade II NA 0.479082 0.019 

Proteobacteria Alphaproteobacteria SAR11 clade NA NA 0.661245 0.004 

Proteobacteria Alphaproteobacteria SAR11 clade NA NA 0.413056 0.047 

Proteobacteria Alphaproteobacteria SAR11 clade NA NA 0.594870 0.006 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.473214 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.473330 0.021 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.484479 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.487312 0.018 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.463552 0.025 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.482778 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.524742 0.014 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.512159 0.016 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.480043 0.020 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.511774 0.015 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.483227 0.020 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.495907 0.018 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.483025 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.468326 0.024 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.476938 0.020 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.461502 0.024 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.502540 0.015 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.500988 0.017 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.487219 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.432853 0.039 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.463348 0.024 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.477300 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.496419 0.016 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.460802 0.025 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.526137 0.015 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.488683 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.509615 0.015 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.499644 0.016 
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Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.448044 0.029 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.461012 0.027 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.497367 0.018 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.499275 0.016 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.512689 0.015 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.463039 0.030 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.539029 0.010 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.513770 0.015 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.589621 0.005 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.490932 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.523183 0.013 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.505305 0.017 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.475114 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.624182 0.005 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.515351 0.015 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.644124 0.004 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.493779 0.016 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.549777 0.010 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.394628 0.045 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.486290 0.019 

Thaumarchaeota Nitrososphaeria Nitrosopumilales Nitrosopumilaceae NA 0.476611 0.021 

Verrucomicrobia Verrucomicrobiae Arctic97B-4 Marine 

Group 

NA NA 0.438842 0.033 
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APPENDIX B 

  
Figure S1. Probabilistic PCA of particles incorporating the δ15NSAA values, with vectors indicating 

a) individual source amino acids or b-d) abundance of ASVs significantly (p < 0.05) correlated 

with the isotope-based Principle Components. Plots are split up to show vectors belonging to 

significant ASVs assigned to b) the Nitrosopumilaceae family (n = 49), c) the SAR11 clade (n = 

5), and d) other taxa (n = 6), with colors indicating Phylum. Points are colored by depth and shapes 

indicate particle size.
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