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Abstract

High latitude continental shelves are experiencing rapid environmental change. The Pacific 

Arctic, which includes the northern Bering and southern Chukchi Sea continental shelves, is 

undergoing warming temperatures, reductions in sea ice, and changes to the marine ecosystem. 

Fieldwork was conducted across the northern Bering and southern Chukchi Sea continental shelves 

in June 2017 and June 2018 on the R/V Sikuliaq. The overall objective of this dissertation was to 

characterize benthic community structure, function, and carbon demand in the Pacific Arctic to 

serve as baselines for assessing impacts of environmental change. Spatial patterns of macrofauna 

and meiofauna were characterized, including abundances, biomass, composition, and vertical 

distribution within the sediment. Polychaete structure and function were assessed in detail by 

identifying polychaetes to family level and assigning each a functional guild based on feeding 

mode, motility, and feeding structures. Nematodes were identified to genus level and characterized 

by feeding type and life-history strategy. Clusters of polychaete functional guilds and nematode 

genera assemblages were similar and occupied different general regions within the Pacific Arctic: 

northern Bering Sea, Bering Strait, offshore Chukchi Sea, and coastal Chukchi Sea. These 

polychaete and nematode assemblages were associated with different depositional and food 

environments, characterized by grain size and the amount and quality of sediment organic matter. 

In addition, metabolic and carbon demand of dominant macrofaunal were estimated based on 

oxygen consumption rates. Species-specific rates suggest that shifts in macrofaunal community 

composition in the region will impact benthic carbon demand. Overall, the research presented here 

provides critical baseline data for benthic community structure, function, and carbon demand in 

the Pacific Arctic and can be used to evaluate change and constrain region-specific ecosystem 

models, especially in the context of a rapidly changing environment.

iii



iv



Table of Contents
Page

Abstract......................................................................................................................................... iii
Table of Contents .......................................................................................................................... v
List of Figures............................................................................................................................... ix
List of Supplemental Figures ...................................................................................................... xi
List of Tables .............................................................................................................................. xiii
List of Supplemental Tables...................................................................................................... xiv
Acknowledgements ..................................................................................................................... xv
General Introduction .................................................................................................................... 1

Research objectives..................................................................................................................... 4
References .................................................................................................................................. 6

Chapter 1: Linking polychaete functional traits and benthic ecosystem function to habitat 
characteristics on a shallow Arctic shelf ................................................................................... 11

Abstract.................................................................................................................................... 11
Introduction............................................................................................................................. 12
Methods.................................................................................................................................... 15

Study area and sampling....................................................................................................... 15
Macrofauna and polychaetes ................................................................................................ 16
Environmental parameters.................................................................................................... 17
Data analysis ........................................................................................................................ 21

Results ...................................................................................................................................... 22
Macrofauna........................................................................................................................... 23
Polychaete community structure........................................................................................... 24
Environmental setting ........................................................................................................... 27

Discussion................................................................................................................................. 29
Benthic “eco-regions” in the Alaskan Arctic ....................................................................... 30
Implications for ecosystem processes ................................................................................... 35

Acknowledgments ................................................................................................................... 40
References ................................................................................................................................ 41
Tables and Figures .................................................................................................................. 50
Supplemental Tables............................................................................................................... 64

Chapter 2: Meiofaunal community structure in Pacific Arctic shelf sediments: a 
comparison of meiofaunal- and macrofaunal-sized nematodes and functional traits.......... 67

Abstract.................................................................................................................................... 67

v



Introduction............................................................................................................................. 68
Methods.................................................................................................................................... 71

Study area and sampling....................................................................................................... 71
Meiofauna analysis ............................................................................................................... 71
Environmental variables....................................................................................................... 73
Data analysis ........................................................................................................................ 75

Results ...................................................................................................................................... 76
Metazoan meiofauna............................................................................................................. 76
Meiofaunal-sized nematodes (63-500 μm)........................................................................... 77

Environmental correlates of nematode assemblages................................................................ 79
Macrofaunal-Sized nematodes (>500 μm)............................................................................ 80

Discussion................................................................................................................................. 81
Four spatially distinct assemblages of meiofaunal nematodes............................................. 82
Vertical distribution of meiofauna ........................................................................................ 87
Role of macrofaunal-sized nematodes in the sediment food web......................................... 88
Conclusions........................................................................................................................... 92

Acknowledgments ................................................................................................................... 93
References ................................................................................................................................ 94
Tables and Figures ................................................................................................................103
Supplemental Tables and Figures ....................................................................................... 115

Chapter 3: Changes to benthic community structure may impact organic matter 
consumption on Pacific Arctic shelves .................................................................................... 123

Abstract.................................................................................................................................. 123
Introduction........................................................................................................................... 124
Methods.................................................................................................................................. 126

Sampling ............................................................................................................................. 126
Respirometry ....................................................................................................................... 127
Data analysis ...................................................................................................................... 129

Results .................................................................................................................................... 131
Discussion............................................................................................................................... 134

Inter- and intraspecific variation in metabolic rates .......................................................... 134
Potential environmental effects on metabolic rate ............................................................. 136
Implications for benthic ecosystem functioning.................................................................. 139

Funding .................................................................................................................................. 141
Acknowledgments ................................................................................................................. 142

vi



References .............................................................................................................................. 143
Tables and Figures ................................................................................................................ 149
Supplementary Figures ........................................................................................................ 158

General Conclusion................................................................................................................... 161
Chapter 1 summary: Polychaete functional traits .................................................................. 162
Chapter 2 summary: Meiofaunal- and macrofaunal-sized nematodes................................... 163
Chapter 3 summary: Macrofauna carbon demand................................................................. 163
Future work............................................................................................................................. 164
Implications............................................................................................................................. 165
References .............................................................................................................................. 166

vii



viii



List of Figures
Page

Figure 1.1: Map of macrofauna sampling locations in the northern Bering and southern Chukchi 
seas in 2017 and 2018 ................................................................................................................... 56

Figure 1.2: nMDS ordination of polychaete functional guild community structure from the 
northern Bering and southern Chukchi seas in 2017 and 2018. ................................................... 57

Figure 1.3: Average abundance and biomass of Amphipoda, Bivalvia, Polychaeta, and other 
macrofaunal taxa for each group and sediment layer from samples collected in the northern Bering 
and southern Chukchi seas in 2017 and 2018............................................................................... 58

Figure 1.4: nMDS ordination of polychaete functional guild community structure from the 
northern Bering and southern Chukchi seas in 2017 and 2018, with pie slices representing the 
abundance of polychaete functional guilds in the top three guilds contributing to within-group 
similarity in at least one group...................................................................................................... 59

Figure 1.5: Distance-based redundancy analysis displaying the relationship between polychaete 
functional guild community structure and environmental correlates from stations in the northern 
Bering and southern Chukchi seas in 2017 and 2018 ................................................................... 60

Figure 1.6: Boxplot of environmental parameters for each group from the northern Bering and 
southern Chukchi seas in 2017 and 2018...................................................................................... 61

Figure 1.7: (a) Mean and (b) standard deviation of current speeds in 2011 for the upper 50 m of 
the water column in the northern Bering and southern Chukchi seas, extracted from the Pan-Arctic 
Regional Ocean Modeling System (PAROMS) sea ice and ocean circulation model ................  62

Figure 1.8: Conceptual model of environmental conditions, benthic community characteristics, 
and ecosystem function inferences of each benthic “eco-region” ................................................ 63

Figure 2.1: Map of ten meiofauna sampling locations in the northern Bering and southern Chukchi 
seas in 2018................................................................................................................................. 106

Figure 2.2: Meiofaunal abundance in the upper 5 cm of sediment at sampling locations in the 
northern Bering and southern Chukchi Sea seas in 2018. .......................................................... 107

Figure 2.3: nMDS ordination of meiofaunal-sized nematode surface sediment community structure 
from the northern Bering and southern Chukchi seas in 2018.................................................... 108

Figure 2.4: Abundance of nematodes and other meiofauna for each group and sediment depth from 
the northern Bering and southern Chukchi seas in 2018 ............................................................ 109

Figure 2.5: Average meiofaunal-sized and macrofaunal-sized nematode (a) abundance and (b) 
biomass in surface sediments for each group from samples in the northern Bering and southern 
Chukchi seas in 2018 .................................................................................................................. 110

ix



Figure 2.6: nMDS ordination of meiofaunal-sized nematode surface community structure, with 
pie slices representing the abundance of nematode genera that are in the top three guilds 
contributing to within-group similarity in at least one group ..................................................... 111

Figure 2.7: Distance-based redundancy analysis displaying the relationship between nematode 
community structure for the upper 1 cm of sediment and environmental correlates from the 
northern Bering and southern Chukchi seas in 2018 .................................................................. 112

Figure 2.8: Boxplot of environmental parameters for each group for the upper 1 cm of sediment in 
the northern Bering and southern Chukchi seas in 2018 ............................................................ 113

Figure 2.9: nMDS ordination of meiofaunal- and macrofaunal-sized nematode relative abundance 
in surface sediment in the northern Bering and southern Chukchi seas in 2018 ........................ 114

Figure 3.1: Map of macrofauna sampling locations in the northern Bering and southern Chukchi 
seas in 2017 and 2018, for respirometry experiments ...............................................................  153

Figure 3.2: (a) Oxygen uptake rate and (b) mass-specific oxygen uptake rate versus ash-free dry 
mass for Macoma sp. and Serripes groenlandicus in 2017 and 2018 ........................................ 154

Figure 3.3: (a) Oxygen uptake rate and (b) mass-specific oxygen uptake rate versus ash-free dry 
mass for pooled Macoma sp. (2017 and 2018); pooled Serripes groenlandicus (2017 and 2018); 
and 2018 Astarte sp., Hiatella arctica, Nuculana pernula, and Ampelisca macrocephala .......  155

Figure 3.4: Serripes groenlandicus from sampling station CNL3 compared to S. groenlandicus 
from all other stations for both 2017 and 2018........................................................................... 156

Figure 3.5: Average mass-specific respiration rates for each species ........................................ 157

x



List of Supplemental Figures
Page 

Supplemental Figure 2.1: nMDS ordination of macrofaunal-sized nematode community structure 
in the northern Bering and southern Chukchi seas in 2018 ........................................................ 121

Supplemental Figure 3.1: (a) Relationship between wet mass of whole bivalves and the ash-free 
dry mass of bivalve soft tissue; and (b) relationship between wet mass and the ash-free dry mass 
of whole Ampelisca macrocephala ............................................................................................. 158

Supplemental Figure 3.2: Oxygen uptake rate versus ash-free dry mass for Serripes groenlandicus 
in 2017 and 2018 with 26 juveniles and 4 adults........................................................................ 159

xi



xii



List of Tables
Page 

Table 1.1: Macrofaunal, environmental, and sediment characteristics from stations in the northern 
Bering and southern Chukchi seas in 2017 and 2018 ................................................................... 50

Table 1.2: (a) Legend of polychaete functional guild codes for feeding type, motility, and feeding 
structure; and (b) polychaete families and assigned functional guilds ......................................... 51

Table 1.3: Average macrofauna and polychaete standing stock metrics and polychaete functional 
guild diversity indices from the northern Bering and southern Chukchi seas in 2017 and 2018 . 52

Table 1.4: Relative abundance of dominant macrofauna, polychaete families, and polychaete 
functional guilds and individual traits within each group of stations from the northern Bering and 
southern Chukchi seas in 2017 and 2018...................................................................................... 53

Table 1.5: Similarity Percentages (SIMPER) polychaete functional guild contributions to 
similarity between samples within groups from the northern Bering and southern Chukchi seas in 
2017 and 2018............................................................................................................................. 55

Table 2.1: Meiofauna metrics of each station sampled in 2018 in the northern Bering and southern 
Chukchi seas ............................................................................................................................... 103

Table 2.2: Relative abundance of the most abundant nematode genera per group for the (a) 63-500 
μm and (b) >500 μm size fractions of samples collected in the northern Bering and southern 
Chukchi seas in 2018 .................................................................................................................. 104

Table 2.3: Diversity indices and relative abundances of each feeding type and c-p score for 
meiofaunal-sized nematodes in surface sediments for each group from the northern Bering and 
southern Chukchi seas in 2018.................................................................................................... 105

Table 3.1: Station locations, environmental characteristics, and number of individuals of each 
taxon sampled from the northern Bering and southern Chukchi seas in 2017 and 2018............ 149

Table 3.2: Power functions of oxygen uptake rate versus ash-free dry mass, experimental metrics, 
and body lengths for taxonomic groups incubated in both 2017 and 2018 from the northern Bering
and southern Chukchi seas.......................................................................................................... 150

Table 3.3: Tukey post hoc test statistic (t-value) for significant comparisons of slopes of the linear 
regressions of log-transformed oxygen uptake rate versus ash-free dry mass............................ 151

Table 3.4: Tukey post hoc test statistic (t-value) for significant comparisons of y-intercepts of the 
linear regressions of log-transformed oxygen uptake rate versus ash-free dry mass ................. 152

xiii



List of Supplemental Tables
Page

Supplemental Table 1.1: Average macrofauna abundances for 0-1 cm, 1-5 cm, and 5-10 cm 
sediment layers from samples collected in the northern Bering and southern Chukchi seas in 2017 
and 2018........................................................................................................................................ 64

Supplemental Table 1.2: Average macrofaunal biomass for 0-1 cm, 1-5 cm, and 5-10 cm sediment 
layers from samples collected in the northern Bering and southern Chukchi seas in 2017 and 2018 
....................................................................................................................................................... 65

Supplemental Table 1.3: Similarity Percentages (SIMPER) polychaete functional guild percentage 
contributions to dissimilarity between groups from the northern Bering and southern Chukchi seas 
in 2017 and 2018........................................................................................................................... 66

Supplemental Table 2.1: Abundance of major taxa within the metazoan meiofauna per station and 
per sediment depth from samples collected in the northern Bering and southern Chukchi seas in 
2018............................................................................................................................................. 115

Supplemental Table 2.2: Similarity percentages (SIMPER) nematode genera contributions to 
similarity between samples in the upper 1 cm of the sediment within groups from the northern 
Bering and southern Chukchi seas in 2018................................................................................. 116

Supplemental Table 2.3: Relative abundance of the most abundant meiofaunal-sized nematode 
genera per station in surface sediments in the northern Bering and southern Chukchi seas in 2018 
..................................................................................................................................................... 117

Supplemental Table 2.4: Trophic diversity, relative abundances of each feeding type, maturity 
index, and relative abundance of each c-p score for both the 63-500 μm and >500 μm size fractions 
for each station in the northern Bering and southern Chukchi seas in 2018............................... 118

Supplemental Table 2.5: Environmental and sediment characteristics of each station in the northern 
Bering and southern Chukchi seas sampled in 2018 .................................................................. 118

Supplemental Table 2.6 Relative abundance of all macrofaunal-sized nematode genera per station 
in surface sediments in the northern Bering and southern Chukchi seas in 2018....................... 120

xiv



Acknowledgements

First, I would like to acknowledge my funding sources: the North Pacific Research Board's 

(NPRB) Arctic Shelf Growth, Advection, Respiration, and Deposition (ASGARD) program; 

NPRB's Graduate Student Research Award; Robert and Kathleen Byrd Awards; University of 

Alaska Fairbanks Office of the Vice Chancellor for Research Publication Award; and University 

of Alaska Fairbanks Dissertation Completion Fellowship.

I would like to thank my advisor, Sarah Mincks, and my committee members, Seth 

Danielson, Jeroen Ingels, Amanda Kelly, and Andrew Thurber, for their invaluable guidance and 

continued support. Many thanks to everyone who made this research possible: the Captain and 

crew of the R/V Sikuliaq; Opik Ahkinga, Lorena Edenfeld, Caitlin Forster, Silvana Gonzalez, 

Katrin Iken, Jessica Pretty, Sarah Seabrook, Andrew Thurber, and Ann Zinkmann for help with 

sample collection; Tibor Dorsaz, Brenda Holladay, Nana Matsui, and Alexis Walker for laboratory 

assistance; Max Hoberg and Hilary Nichols for macrofaunal identification; Arny Blanchard for 

help with experimental design; Timothy Howe and others at the Alaska Stable Isotope Facility; 

and Leah Zacher for valuable input. I would also like to thank my family, friends, fellow graduate 

students, and countless others who have supported me along the way.

xv



xvi



General Introduction

Arctic marine ecosystems are experiencing rapid environmental changes (Wang and 

Overland 2015; Huntington et al. 2020). Warming temperatures have resulted in a decline in the 

extent and thickness of sea ice and a shortening of ice-season duration (Arrigo and van Dijken 

2015; Barber et al. 2015). Changes in the timing and magnitude of ice formation and retreat have 

repercussions throughout the marine ecosystem. For instance, reduced sea-ice cover allows greater 

light penetration into the upper ocean, which in combination with an earlier breakup is leading to 

earlier phytoplankton blooms, an extended growing season, and higher total primary production 

(Leu et al. 2011; Arrigo and van Dijken 2011, 2015; Tremblay et al. 2012). While enhanced 

phytoplankton production may support a more robust pelagic food web, the loss of ice-algae 

production may have consequences for ecosystem health because ice algae is a nutrient-rich, high- 

quality food source (Renaud et al. 2007; Boetius et al. 2013).

A longer open water season may also lead to increases in anthropogenic activity in the 

Arctic, including ship traffic, industrial development, and commercial fishing (Smith and 

Stephenson 2013; Christiansen et al. 2014). Furthermore, these environmental changes impact the 

Alaska Native coastal communities relying on subsistence resources, such as changes in the timing 

and frequency of hunting opportunities, loss of certain food sources, and gain of others 

(Huntington et al. 2021).

The Pacific Arctic includes the northern Bering and southern Chukchi Sea shallow 

continental shelves, characterized by highly productive systems and strong pelagic-benthic 

coupling (Grebmeier and McRoy 1989). Upwelling in the Gulf of Anadyr brings cold, nutrient

rich water to the surface, which is transported northward over the Bering and Chukchi Sea shelves. 

This nutrient-rich water supports high primary production, a large portion of which fluxes out of 
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the water column, settles to the seafloor, and sustains high benthic biomass and production (Walsh 

et al. 1989; Grebmeier et al. 2015). The benthos is particularly important in the Pacific Arctic, 

where benthic production is a substantial portion of total food web production (Walsh et al. 1989), 

and persistent macrobenthic biomass hotspots serve as critical feeding grounds for marine 

mammals and birds (Fay 1982; Lovvorn et al. 2003; Grebmeier et al. 2015b).

The benthos in this region may be susceptible to changing environmental conditions. 

Alterations in sea-ice dynamics threaten the structure and strength of this pelagic-benthic coupled 

system and may alter the transfer and fate of organic carbon (Wassmann and Reigstad 2011). For 

instance, changes in phytoplankton blooms may subsequently support increases in zooplankton, 

forage fishes, and upper trophic level marine birds and mammals that feed primarily in the pelagic 

realm, resulting in a weakening of pelagic-benthic coupling (Grebmeier et al. 2006; Moore and 

Stabeno 2015). Consequently, less phytodetritus is predicted to reach the seafloor. These changes 

are expected to cause a shift from a benthic-dominated system in the Pacific Arctic to a pelagic- 

dominated system, and there is evidence that this shift may already be occurring in the northern 

Bering Sea (Grebmeier et al. 2006; Moore and Stabeno 2015). Emerging evidence also indicates 

that environmental change has influenced the distribution of macrofaunal biomass (Moore et al. 

2018; Goethel et al. 2019) and caused shifts in community structure and composition (Grebmeier 

2012; Waga et al. 2020). In contrast to a reduction in phytodetrital input to the seafloor, others 

predict that an increase in pelagic primary production may be able to continue to reach the seafloor 

and maintain tight pelagic-benthic coupling (Grebmeier et al. 2015). For instance, in 2018, a recent 

warm and low-ice year, particle flux out of the upper water column was high compared to other 

regions of the global ocean (O'Daly et al. 2020).
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To understand the implications of potential environmental changes on the marine food web, 

ecosystem models are often used to characterize ecosystem function and inform adaptive 

management and policy decisions. However, some components of ecosystem models are not well 

constrained, especially in the Bering and Chukchi Sea shelf regions. Many aspects of the structure 

and function of marine ecosystems remain understudied in the Arctic due to the logistics of 

conducting research in ice-covered waters. Increased knowledge and quantification of 

contemporary processes and interactions are still required to improve predictions of the impacts of 

future environmental changes. In particular, benthic modules of ecosystem models are often 

oversimplified and are included as the benthos as a whole or aggregated to higher taxonomic levels 

that do not accurately represent ecosystem function. To better constrain these ecosystem models 

and make informed management decisions, it is vital to understand not only the regional 

distribution in abundance and biomass of the benthos (Grebmeier et al. 2015b) but also the 

ecosystem function of the benthic community (Kun et al. 2019; Sutton et al. 2020).

Macrofauna are a key component of the benthos, provide vital food sources for upper 

trophic levels, and play critical roles in biogeochemical and carbon cycling. For instance, 

macrofauna often dominate organic matter consumption and energy demand in the benthos 

(Grebmeier and McRoy 1989; Devol et al. 1997; Clough et al. 2005). Polychaetes are a particularly 

abundant macrofaunal taxa (e.g., Gontikaki et al. 2011; Gunton et al. 2015) and serve essential 

roles in the benthic ecosystem (reviewed by Hutchings 1998). Additionally, functional trait 

databases of polychaete families have been established based on morphology and taxonomy 

(Jumars et al. 2015), facilitating polychaete functional trait analyses.

Meiofauna also serve critical roles in benthic carbon cycling and achieve high densities in 

high latitude shelf systems (e.g., Górska et al. 2014). Nematodes, the dominant meiofaunal taxon, 
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play critical roles in ecosystem function (reviewed in Schratzberger and Ingels 2017), including 

carbon and nutrient cycling (Coull 1999; Rysgaard et al. 2000; Bonaglia et al. 2014) and linking 

microbial and upper-trophic levels of the food web (Gee 1989; Coull 1990; Kennedy 1994). 

However, little is known about the meiobenthos in the Pacific Arctic except for a single study on 

the abundance and distribution of meiofauna in the Chukchi Sea (Lin et al. 2014) and a limited 

number of studies in the Northeast Chukchi Sea (Hajduk 2015; Mincks et al. 2021). Ecosystem 

modeling in the past has needed to extrapolate meiofaunal community data from elsewhere 

(Nelson et al. 2014; Lovvorn et al. 2016). Thus, there is a need to assess meiofauna assemblage 

data to serve as a baseline for assessing future changes.

Consequently, quantification of regional macrofaunal and meiofaunal community structure 

and function is needed to constrain ecosystem models to help inform management decisions. 

Additionally, quantification of biological carbon dynamics and process rates is needed to improve 

these ecosystem models, particularly from the benthos. Biological process rates, such as benthic 

respiration and organic matter processing, can be measured to characterize the transfer and flow 

of organic carbon through the food web. Whole sediment-community oxygen consumption rates 

have frequently been measured across the Arctic (reviewed in Bourgeois et al. 2017; Grebmeier et 

al. 2006). However, rates of individual species have rarely been quantified (Vahl 1978; Opalinski 

and Weslawksi 1989; Sejr et al. 2004; Goethel et al. 2017), hampering efforts to predict how 

changes in species composition may impact benthic carbon processing rates.

Research objectives

This research was part of the Arctic Shelf Growth, Advection, Respiration, and Deposition 

(ASGARD) project, which is a main component of the North Pacific Research Board's (NPRB) 
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Arctic Integrated Ecosystem Research Project (Arctic IERP; Baker et al. 2020a). Fieldwork for 

ASGARD was conducted across the northern Bering and southern Chukchi Sea continental shelves 

in June 2017 and June 2018 on the R/V Sikuliaq. One of the primary objectives of ASGARD was 

to improve understanding of carbon transfer pathways through the marine system by measuring 

physical and biological process rates, such as oxygen consumption rates. Additional efforts were 

made to characterize biological community structure, function, and production.

The overall objective of this dissertation was to characterize the community structure, 

function, and carbon demand of the Pacific Arctic benthos, especially in the context of rapid 

environmental change. The primary objectives of Chapter 1 were to present an overview of general 

patterns in macrofaunal community structure and a detailed characterization of the spatial patterns 

of polychaete community structure and functional traits and their vertical stratification within the 

sediment. Environmental correlates were identified, and a conceptual model was presented to 

explore the influence of the environment on polychaete functional composition and subsequent 

impacts on biogeochemical and carbon cycling within the sediment. The overall goal of Chapter 2 

was to characterize the spatial variability in the community composition of meiofauna and the 

community and functional structure of meiofaunal- and macrofaunal-sized nematodes. The 

research in this chapter provides the first genus-level characterization of nematodes in the region. 

The aim of Chapter 3 was to determine the metabolic and carbon demand of dominant macrofaunal 

species, including five bivalve species and one amphipod species. These species-specific rates can 

be used to estimate the effects of changes in community structure on benthic carbon consumption. 

The General Conclusion synthesizes key findings from each research chapter and discusses 

opportunities and needs for future research.
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Chapter 1: Linking polychaete functional traits and benthic ecosystem function to habitat 

characteristics on a shallow Arctic shelf1

1 Charrier BR, Danielson SL, Mincks SL. Linking polychaete functional traits and benthic ecosystem function to 
habitat characteristics on a shallow Arctic shelf. Submitted.

Abstract

In a rapidly changing Arctic, benthic functional traits remain understudied, and links 

between faunal traits and ecosystem function are not fully understood. Polychaetes are often 

numerically dominant within the macrofauna and provide essential ecosystem services in 

sediments, such as sediment oxygenation and organic matter burial and remineralization. 

Macrofauna (>500 μm) were collected from multi-cores at 12 stations in June 2017 and 11 stations 

in June 2018 from the northern Bering and southern Chukchi Sea continental shelves as part of the 

Arctic Shelf Growth, Advection, Respiration, and Deposition (ASGARD) project. Polychaetes 

were identified to family level and assigned a functional guild based on feeding mode, motility, 

and feeding structures. Four groups of stations with similar compositions of polychaete functional 

guilds were identified, and a conceptual model was developed to link functional traits to habitat 

characteristics and predict effects on ecosystem function. Sandy stations had a relatively high 

abundance of tube-dwelling, particle-selective suspension and surface deposit feeders, reflecting 

the advective system with moderate current speeds and low deposition. The second group of 

stations displayed characteristics that suggest impacts of fluctuations between high deposition of 

organic matter and disturbance from scouring. A third group of muddy, offshore Chukchi Sea 

stations contained large bivalves and large carnivorous polychaetes, promoting high bioturbation 

rates. The macrofauna at the coastal Chukchi Sea stations in the fourth group were concentrated 

in the surface layer, with small, motile polychaetes limiting bioturbation to the upper 1 cm of 
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sediment and indications of anaerobic microbial remineralization of organic matter below. Overall, 

polychaete functional composition and vertical distribution reflected the quality and quantity of 

organic matter input and the depositional environment inferred from grain size and current speed, 

with subsequent impacts on biogeochemical and carbon cycling in sediments.

Introduction

The benthos accounts for a substantial portion of total secondary production in the Pacific 

Arctic (Walsh et al. 1989). Ecologically important hotspots of high benthic biomass (Grebmeier 

et al. 2015b) serve as critical feeding grounds for marine mammals (Fay 1982) and birds (Lovvorn 

et al. 2003). However, the Pacific Arctic is undergoing rapid environmental change (Huntington 

et al. 2020), with unprecedented environmental conditions in 2017 and 2018 (Grebmeier et al. 

2018; Baker et al. 2020b). Record low sea ice persistence coincided with low concentrations of ice 

algae biomarkers in the sediment and high concentrations of pelagic biomarkers (Koch et al. 2020). 

Emerging evidence also indicates that environmental change has influenced the distribution of 

macrofaunal biomass (Moore et al. 2018; Goethel et al. 2019) and caused shifts in community 

structure and composition (Grebmeier 2012; Waga et al. 2020), likely impacting benthic organic 

matter consumption and carbon demand (Jones et al. 2021).

Given the rapid environmental shifts occurring in the Pacific Arctic, it is critical to 

characterize current benthic ecosystem function to monitor and assess future change. Well- 

constrained ecosystem models for this region should include quantitative descriptions of spatial 

patterns in macrofaunal abundance and biomass (Grebmeier et al. 2015b) but also functional 

characteristics of the benthic community (Kun et al. 2019; Sutton et al. 2020). The vertical 

distribution of macrofauna within the sediment is also critical in understanding biogeochemical, 

nutrient, and carbon cycling within the benthos (Deng et al. 2020). However, the benthos is often 
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oversimplified in ecosystem models due to a lack of available information and is often aggregated 

as the whole benthos or higher taxonomic levels that do not account for differences in functional 

roles among taxa within these major groups (Whitehouse et al. 2014). For instance, in a Bering 

Sea modeling study, polychaetes were categorized as deposit-feeders or carnivores (Lovvorn et al. 

2016). Yet, the burrowing activities of surface and subsurface deposit feeders have different 

impacts on important ecosystem functions, such as sediment stabilization, oxygenation, organic 

matter burial, and remineralization in sediments (Rhoads 1974; Aller 1982; Jumars and Nowell 

1984). Deposit feeders also consume organic material of varying nutritional quality and freshness 

(Josefson et al. 2002). Tentacle feeders generally select high-quality particles, while non-selective 

deposit feeders feed on lower quality, diffuse food sources (Magalhaes and Bailey-Brock 2017). 

Consequently, carbon cycling in an area dominated by selective surface feeders will be mediated 

by different trophic pathways than an area dominated by non-selective subsurface deposit feeders.

While taxonomic composition of benthic communities is of interest in understanding 

biogeographic patterns and drivers of community structure, functional trait analysis elucidates the 

roles of communities in ecosystem processes. Biological traits can describe ecosystem functions 

(Degen et al. 2018), such as the ability to avoid disturbance (Hinchey et al. 2006), bioturbation 

(Mermillod-Blondin et al. 2004), and organic matter and nutrient cycling (Norling et al. 2007). 

Additionally, taxonomic diversity does not necessarily equate to functional diversity (Snelgrove 

1998). While communities may differ in taxonomic composition, they can share common 

functional traits, which has been shown in Arctic benthic communities (Rand et al. 2018; Sutton 

et al. 2020). Different species often perform similar functions, and the loss of one species can be 

compensated for by an increase in the abundance of other species that perform similar ecological 

roles (Snelgrove 1998; Bremner et al. 2006). However, studies have shown low functional 
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redundancy in some Arctic shelf systems, implying vulnerability to a changing climate (Kokarev 

et al. 2017; Kun et al. 2019).

Sediment substrate type, sediment transport, and water depth are critical structuring forces 

of benthic functional traits in Arctic systems (Wlodarska-Kowalczuk et al. 2012; Kun et al. 2019; 

Sutton et al. 2021). While taxonomic and functional diversity may follow similar large-scale 

spatial patterns, functional analyses in the Arctic have revealed additional patterns in the 

partitioning of ecological niche space and improved understanding of how disturbance may cause 

ecosystem shifts (Kokarev et al. 2017; Kun et al. 2019; Sutton et al. 2020). Variation in community 

structure of macrofauna has also been directly linked to differences in ecosystem function in Arctic 

sediments (e.g., Link et al. 2013; McTigue et al. 2016).

Polychaetes are often numerically dominant in the macrofauna (Gontikaki et al. 2011; 

Gunton et al. 2015) and serve essential roles in the benthic ecosystem (reviewed by Hutchings 

1998). The feeding and bioturbation activities of polychaetes have critical effects on carbon and 

biogeochemical cycling, such as oxygenation of sediment, reworking of organic material, and 

alteration of habitat for other infaunal or microbial communities (Aller 1994; Hutchings 1998; 

Pinto and Austen 2006). Functional trait databases of polychaete families have been established 

based on morphology and taxonomy (Jumars et al. 2015), making polychaetes an ideal taxonomic 

group for functional trait analyses. The overall objective of this study was to characterize spatial 

patterns in macrofaunal communities across the northern Bering and southern Chukchi Sea 

shelves, with an emphasis on polychaete functional traits. Based on the distribution of polychaete 

functional guilds, we identified four distinct assemblages in different locations. We present an 

overview of the major patterns in macrofaunal community structure among these areas and 

describe differences in functional composition of polychaete assemblages that may influence 
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ecosystem processes. We also examine relationships between polychaete functional traits and 

environmental characteristics, which may be used to extrapolate functional information to broader 

areas with similar environmental conditions.

Methods

Study area and sampling

Macrofaunal samples were collected from the northern Bering and southern Chukchi seas 

in June 2017 and 2018 from the R/V Sikuliaq as part of the Arctic Shelf Growth, Advection, 

Respiration, and Deposition (ASGARD) project (Table 1.1; Figure 1.1). Some sampling locations 

correspond to long-term monitoring stations in the Distributed Biological Observatory (DBO) 

regions 2 and 3, also known as the Chirikov Basin and Southeast Chukchi Sea hotspots, 

respectively (Grebmeier et al. 2010, 2015b). The northern Bering and southern Chukchi Sea 

continental shelves are shallow, seasonally ice-covered, and highly productive. The shelves are 

characterized by the net northward movement of cold, nutrient-rich Bering Shelf-Anadyr Water in 

the west and warm, more nutrient-poor Alaska Coastal Water in the east (Danielson et al. 2017). 

Currents accelerate as flow is constricted through the Anadyr and Bering straits (Danielson et al. 

2014), promoting water column mixing that locally enhances pelagic primary productivity (Walsh 

et al. 1989). Downstream of the Bering Strait constriction, the flow diverges across the wide and 

shallow Chukchi Shelf, resulting in declines in current speeds and allowing suspended particulate 

material to settle to the seafloor (Grebmeier et al. 2015b).

Intact sediment cores were retrieved from 12 stations in 2017 and 11 stations in 2018 using 

an MC-800 multi-corer with 10-cm internal-diameter tubes (Ocean Instruments, San Diego). Nine 

stations were sampled in both years (Table 1.1). Sampling stations ranged from 32 to 59 m in water 
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depth. Given the interdisciplinary nature of the field sampling program, weather constraints, and 

limits on cruise length and wire time, statistical replicates for macrofaunal community structure 

analysis were not collected at all stations. For most stations, at least two intact cores from different 

multi-core deployments (i.e., sampling replicates) were sectioned into 0-1 cm, 1-5 cm, and 5-10 

cm depth intervals and sampled for macrofauna. Sediment strata were sliced at different widths to 

achieve higher spatial resolution in the upper layers of sediment, where densities of individuals 

are generally concentrated. At some stations, multiple cores were processed from the same 

deployment (i.e., sampling pseudo-replicates). These pseudo-replicates were averaged into a single 

mean value for that deployment before combining with other true sampling replicates to calculate 

a station average. Pseudo-replicates were included to better constrain sampling error, given that 

the area sampled by a single multi-core tube is relatively small (78.5 cm2). In 2017, a single core 

was retrieved at stations CPL8 and DBO2.3. Additional sampling coverage was achieved by 

including cores subsampled and/or used for other purposes, including grain-size analysis and 

shipboard oxygen-flux incubations. Due to the differences in depth strata sampled in these 

additional cores, broad-scale spatial patterns in community structure were analyzed using data 

summed across the upper 10 cm of sediment. We also present more detailed results on the depth 

distribution of infauna for cores with 0-1 cm, 1-5 cm, and 5-10 cm sections. All cores used for 

macrofaunal analyses were gently washed over 500-μm mesh using filtered seawater and 

preserved in 10% neutral buffered formalin.

Macrofauna and polychaetes

Preserved macrofaunal samples were stained with Rose Bengal and transferred to 70% 

isopropanol for sorting. Macrofauna were generally identified to phylum, class, or order level,
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counted, and wet mass was determined to 0.1 mg (e.g., de Smet et al. 2017; Flach et al. 2002). 

Polychaetes were identified to family. Higher-level taxonomy was sufficient to quantify total 

abundance and biomass and examine functional roles of dominant taxa, which can be assessed 

based on family-level taxonomy in polychaetes (Jumars et al. 2015).

Polychaete taxa were classified into functional guilds based on feeding mode (microphage, 

macrophage/carnivore, or omnivore), motility (motile or discretely motile), and feeding structures 

(tentacles or palps, non-muscular eversible pharynx, or muscular eversible pharynx), according to 

Jumars et al. (2015; Table 1.2). Microphage feeders were further classified as suspension-, surface 

deposit-, or subsurface deposit-feeders. Motility was further distinguished by tube-dwelling, 

burrowing, crawling, or swimming behaviors. Polychaetes are considered motile if they exhibit 

burrowing, crawling, or swimming behavior. Discretely motile polychaetes are individuals that 

actively construct burrows or are tube-dwelling and can rebuild, extend, or move their tubes. 

Polychaete families can include specific taxa with different traits, so only the most common trait 

or traits in each family were selected (Table 1.2).

Environmental parameters

Temperature and salinity data were collected using R/V Sikuliaq's Sea-Bird 9/11 CTD 

system, whose sensor probes were calibrated by the manufacturer prior to each field season. For 

both temperature (°C) and salinity (dimensionless practical salinity units), calibrated Sea-Bird 

CTD sensor data are typically better than ± 0.01 in accuracy and ± 0.001 in precision. Full

resolution CTD data were processed following manufacturer recommendations and averaged into 

1-decibar bins. The processing included a visual inspection of all profiles for spikes, spurious 

inversions, and similar data issues; problem data were eliminated using linear interpolation 
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between adjoining good data points. The average near-bottom water temperature at sampling 

stations was 2.02 ± 1.35°C (ranging from -1.2 to 3.96°C) in 2017 and 1.15 ± 0.88°C (ranging from 

-0.6 to 2.4°C) in 2018 (Table 1.1).

Individual multi-core tubes were taken from the same deployments as the macrofaunal 

cores and allocated for sediment environmental parameters. One core from each station was 

analyzed for grain size. Sediment was collected by inserting a 60-cc plastic syringe (6-cm 

diameter) with the tip cut off into the core surface to a depth of 5 cm. Samples were frozen in 

Whirl-Pak bags at -20°C until analyzed. Grain size was determined through a combination of wet 

and dry sieving. Sediment was thawed and homogenized by kneading the bag. To break up 

sediment aggregates, 20 mL of 2 g L-1 sodium hexametaphosphate and 30 mL of reverse osmosis 

water were added to 30 to 40 g of sediment and stirred for three minutes. The sample was wet 

sieved through stainless steel 2-mm and 63-μm sieves. The material retained on each sieve and the 

<63-μm fraction (silt/clay) was collected into separate glass beakers and dried at 90°C until a 

constant mass was achieved. The material retained on the 63-μm sieve was then dry sieved through 

a set of brass stacked sieves on a shaker for 10 min (#18, 35, 60, 120, and 230 mesh sizes). Material 

retained on each sieve was weighed. The silt/clay fraction was weighed, rehydrated with reverse 

osmosis water, and 30% hydrogen peroxide (H2O2) was added to the sample until effervescence 

ceased to remove the organics. The beaker was held at 70°C on a block heater for one hour to 

decompose the H2O2 and then stirred for three minutes. The material was dried at 90°C until a 

constant mass was achieved. Mean phi and sorting coefficients were calculated using the Grain 

Size Distribution and Statistics (GRADISTAT v.8.0) package (Blott and Pye 2001; Blott 2010).

Replicate cores from different multi-core deployments at each station were allocated for 

analyses of sediment organic matter. Intact sediment cores were sectioned in 0-1, 1-2, 2-3, 3-4, 4- 
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5, 5-7, and 7-10 cm layers, and each layer was then subsampled for different analyses. For 

chloropigment analyses, samples were sealed in Whirl-Pak bags, wrapped in foil, and frozen at 

-80°C until analyzed. Samples were thawed, homogenized by kneading the bag, and 1 cc of 

sediment was subsampled using a syringe and placed in a glass extraction tube. Samples were then 

suspended in 5 mL of 100% acetone, vortexed, sonicated in an ice bath for 10 minutes, and left to 

extract in the dark overnight at -20°C. Samples were then centrifuged for five minutes at 3,000 

rpm, and the supernatant was removed and transferred to a clean glass tube. Fluorescence of the 

supernatant was measured using a TD-700 fluorometer (Turner Designs, San Jose, CA, USA). The 

fluorescence of a blank of 100% acetone was measured and subtracted from the sample 

fluorescence. Samples were then acidified with 0.15 mL of 0.1 N HCl, briefly vortexed, and 

allowed to rest for at least 90 seconds. The fluorescence was then measured again to determine 

phaeopigment concentrations. Each sample was extracted a second time by adding another 5 mL 

of acetone to the same sediment and following the procedure described above. Afterward, the 

sediment was dried at 60°C until a constant mass was achieved. A standard curve was produced 

using a chlorophyll-a standard (spinach extract C5753, Sigma-Aldrich) to convert fluorescence 

into concentrations (adapted from Arar and Collins, 1997). Chlorophyll-a (chl-a) and 

phaeopigment (phaeo) concentration (μg g-1 dry sediment) from both extractions were then 

summed for each sample, and sediment inventories of chl-a and phaeo (μg cm-2) were calculated 

for the upper 10 cm of sediment using the volume-to-dry weight conversion derived from the 1-cc 

sample of sediment extracted. Chloroplastic pigment equivalents (CPE) were calculated as the sum 

of chl-a and phaeo inventories.

Additional subsamples from these same cores were analyzed for stable carbon isotope 

values (δ13C), total organic carbon (TOC; mg cm-2), total nitrogen (TN; mg cm-2), and carbon to 
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nitrogen ratios (C:N) for the upper 1 cm of sediment. A subsample of the top 0-1 cm of intact 

sediment cores were collected, sealed in Whirl-Pak bags, and frozen at -80°C until they were 

freeze-dried. Between 5 and 10 g of freeze-dried sediment was weighed into 50-mL centrifuge 

tubes. To remove carbonates, the samples were rinsed with 1 N HCl until effervescence ceased. 

Samples were rinsed with reverse osmosis water and then freeze-dried again. Between 15 and 50 

mg were weighed into 7-mm aluminum boats and submitted to the Alaska Stable Isotope Facility 

at the University of Alaska Fairbanks Water & Environmental Research Center. Elemental and 

stable isotope analyses were conducted via continuous-flow isotope ratio mass spectrometry using 

a Thermo Scientific Flash 2000 elemental analyzer and Thermo Scientific Conflo IV interfaced 

with a Thermo Scientific DeltaV Plus Mass Spectrometer. Stable isotope ratios were reported in δ 

notation as parts per thousand (‰) deviation from the international standard Vienna Pee Dee 

Belemnite (VPDB; carbon). Typically, instrument precision is <0.2 ‰.

We used hindcasts of ocean current speed from the Pan-Arctic Regional Ocean Modeling 

System (PAROMS) 3-D sea ice and ocean circulation model to characterize the advective 

environment at our sample sites and across the study region. The PAROMS model is configured 

with a horizontal resolution of about 5 km in our study region and 50 layers vertically through the 

water column. Forcing includes wind stress, heat and freshwater fluxes, tides, and forcing through 

the side boundaries, which are located south of the Bering Sea and in the North Atlantic, far from 

the study region. For complete model descriptions and data-model comparisons, see Curchitser et 

al. (2018) and Danielson et al. (2020). Based on a PAROMS hindcast integration of year 2011, we 

computed the mean and standard deviation of the current speeds (m s-1) over the upper 50 m of the 

water column (or to the seafloor where shallower) based on hourly snapshots of the flow field. The 

hourly model time step well resolves tides, inertial motions, and synoptic-scale flow events, which 
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together account for over 95% of the total flow variance. Lovvorn et al. (2020) applied PAROMS 

current speed estimates to studies of sediment organic carbon in the northern Bering Sea, finding 

that the modeled currents proved to be the best predictor of long-term (exclusive of fresh 

microalgal biomass) organic carbon concentrations in the Chirikov Basin.

Data analysis

Abundance and biomass were calculated as the number of individuals and total wet weight 

m-2 for spatial comparisons and m-3 for comparison among sediment depth layers. The average 

size of individuals was calculated by dividing total biomass by total abundance (g ind.-1).

Multivariate analyses of community structure were conducted in PRIMER v7 (Clarke and 

Gorley 2015) with PERMANOVA+ add-on (Anderson and Gorley 2008) for macrofauna higher 

taxonomic levels, polychaete families, and polychaete functional guilds. Echiurans and two 

unidentifiable polychaetes were excluded from the polychaete analysis so that the polychaete 

family dataset could be directly compared to the functional guild dataset. Bray-Curtis similarity 

matrices were calculated on 4th-root transformed data based on shade plots and displayed on non

metric multi-dimensional scaling (nMDS) plots to visualize similarities and differences among 

samples. Samples with similar taxonomic or functional composition were identified using 

hierarchical agglomerative clustering with group-average linking. A similarity profile (SIMPROF) 

procedure delineated statistically significant groupings (α = 0.05). Similarity percentage 

(SIMPER) analyses were conducted to identify functional guilds contributing most to similarities 

within and dissimilarities between station groupings.

Relationships among polychaete functional guild composition and environmental variables 

were examined using a distance-based linear model (DistLM) with a stepwise selection criterion 
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based on adjusted R2, followed by distance-based redundancy analysis (dbRDA). After examining 

histograms, sediment chl-a inventory, phaeo inventory, chl-a:phaeo, CPE, and current speed were 

log-transformed. All data were normalized. Variables were removed prior to the analysis due to 

multicollinearity determined by Draftsman plots and Pearson's correlation coefficients (>0.8), 

including mean phi, percent sand, chl-a inventory, phaeo inventory, and surface TOC.

Univariate descriptors of polychaete functional guild diversity included Margalef's 

richness (d) and Pielou's evenness (J'), which were calculated using PRIMER. A functional 

redundancy index was calculated by dividing the number of functional guilds by the number of 

polychaete families. Differences in diversity indices, abundance, biomass, and size among station 

groups were examined using analyses of variance (ANOVA) and Tukey's post hoc test, performed 

in R Studio. ANOVA assumptions were checked using the Shapiro-Wilk test for normality of 

residuals and Cochran's C test for homogeneity of variances. When assumptions were not met, 

data were log-transformed. After transformation, variances were still uneven for polychaete 

biomass and size.

Results

There was no significant spatial pattern in community structure when all macrofauna were 

examined at higher taxonomic levels. Spatial patterns emerged when considering only polychaetes 

at the family level, with three statistically significant clusters of samples identified. Overall, 

polychaetes composed an average of 40.2 ± 11.2% (mean ± standard deviation; ranging from 22 

to 66%) of total macrofaunal abundance. Polychaete abundance relative to total macrofauna 

increased with sediment depth (67% at the 5-10 cm layer), while the relative abundance of 

amphipods and bivalves decreased with sediment depth.
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Further spatial structure was revealed when examining patterns based on polychaete 

functional guilds, yielding four statistically significant clusters (A, B, C, and D; Figures 1.1 and 

1.2). The fourth cluster (Group C) was composed of stations that had clustered with either Group 

B or Group D in the family-level analysis. Stations attributed to each of these four clusters are 

indicated on the map in Figure 1.1, and these groupings are used to further explore patterns in 

community structure, including associations with environmental variables.

Macrofauna

There were no significant differences in total macrofaunal abundance among the four 

groups (F3,19 = 2.70, p = 0.07; Table 1.3). Total macrofaunal biomass at sites in Group D was 

significantly lower than Groups B and C (F3,19 = 4.36, p = 0.02), and the average size followed a 

similar pattern (F3,19 = 3.54, p = 0.03; Table 1.3).

Polychaetes were the most abundant macrofaunal taxon in all groups except Group A, 

where amphipods were the most abundant (Table 1.4). Groups B and C had similar relative 

abundances of the major taxa but differed in total macrofaunal abundance (Tables 1.3 and 1.4). 

Group D exhibited different composition than the other groups, with relatively high abundance of 

ostracods (14%), ophiuroids (5%), echiurans (4%), and echinoids (3%). Bivalves accounted for 

more than 50% of the biomass in Groups B, C, and D and were particularly high (88%) at Group 

B and C sites. Amphipods had the highest biomass in Group A. Polychaetes had the second-highest 

biomass in all groups. In all groups, total macrofauna abundance was highest in the 1-cm surface 

layer (Figure 1.3; Supplemental Table 1.1). Biomass showed a similar pattern except in Group C, 

where biomass was highest at the 5-10 cm layer primarily due to bivalves (Figure 1.3; 

Supplemental Table 1.2).
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Polychaete community structure

Polychaete abundance was significantly different among groups, with the post hoc test 

revealing that abundance was significantly lower in Group C compared to Group B (F3,19 = 5.72, 

p = 0.006; Table 1.3). There were no significant differences in polychaete biomass (F3,19 = 0.72, p 

= 0.55) or average body size (F3,19 = 0.52, p = 0.67) among the groups; however, average 

polychaete biomass was highest in Group A (Table 1.3). Additionally, Group C had a high variance 

in average polychaete body size.

The most abundant family was different in each group, although some families had high 

abundance across multiple groups, such as Capitellidae, Spionidae, and Cossuridae (Table 1.4). 

One or two families dominated most groups; however, individuals were more evenly distributed 

among families in Group C, with multiple families of comparable abundance. The most numerous 

polychaete families (>10% of relative abundance) in Group A were Paraonidae, Capitellidae, 

Spionidae, and Terebellidae (Table 1.4). Group A also had the highest proportion of Maldanidae, 

which otherwise only occurred among the top 10 families at sites in Group B. Polychaete 

abundance was highest at Group B stations, where only three families (Capitellidae, 

Phyllodocidae, and Spionidae) accounted for ~75% of total polychaete abundance (Table 1.4). 

Group B also had a high proportion of Polynoidae and Pectinariidae compared to the other groups. 

The most abundant families in the Group C polychaete assemblage included Nephtyidae, 

Sigalionidae, Cossuridae, and Flabelligeridae (Table 1.4). Group C also had low abundance of 

Sabellidae and Capitellidae compared to other groups, and Syllidae and Paraonidae were notably 

absent. Family richness was highest at Group D sites, where Cirratulidae, Cossuridae, and 

Capitellidae were most abundant (Table 1.4). Group D was the only group containing 

Apistrobranchidae, Magelonidae, Opheliidae, Oweniidae, and Serpulidae.
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Overall, 21 polychaete functional guilds were identified, with most guilds represented by 

only one or two families, suggesting little functional redundancy over the study region when 

feeding type, motility, and feeding structure were all considered (Table 1.2). Groups B and C were 

dominated by carnivores (~40 - 45%), although different families comprised the most abundant 

carnivores in each group: Phyllodocidae in Group B and Nephtyidae and Sigalionidae in Group C 

(Table 1.4). Subsurface deposit feeders made up the next largest proportion of the polychaetes at 

these sites (~26 - 36%), with Capitellidae being the dominant family overall in Group B and 

Cossuridae the third most abundant in Group C. Deposit feeders, both surface and subsurface, 

accounted for ~70% of the polychaetes in Groups A (e.g., Paraonidae and Capitellidae) and D 

(e.g., Cirratulidae, Cossuridae, and Capitellidae; Table 1.4). Motile burrowers were the most 

abundant motility type in all groups (Table 1.4). Group A had a large portion of tube-dwellers 

compared to the other stations (37%). The most common feeding structure in Group A was non- 

muscular eversible pharynx, followed by tentacles/palps (Table 1.4). The most common structure 

in Groups B and C was muscular eversible pharynx, followed by non-muscular eversible pharynx 

in Group B and tentacles/palps in Group C. In Group D, the most common feeding structure was 

tentacles/palps, followed by muscular eversible pharynx.

Surface and subsurface deposit-feeding motile burrowers with non-muscular eversible 

pharynges, including guilds containing the abundant families Paraonidae and Capitellidae, 

accounted for almost half of the polychaetes in Group A, and thus accounted for a large portion of 

the dissimilarity between groups in pairwise comparisons to other sites (Supplemental Table 1.3). 

The subsurface deposit-feeders with non-muscular eversible pharynges were also abundant in 

Groups B and D, where they accounted for roughly ~20 - 30% of polychaetes. Motile and 

discreetly motile carnivores, including a combination of burrowing, crawling, and swimming 
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behaviors, were abundant in Group B and C. SIMPER analysis indicated that within-group 

similarity in Groups A and D were attributed to the five most abundant guilds at those sites, as 

well as carnivores of lower abundance (Table 1.5; Figure 1.4). Groups B and C were distinguished 

based on abundance of four out of five of the most abundant guilds. Motile/discretely motile 

carnivores (Polynoidae) in Group B and burrowing subsurface deposit feeders with muscular 

eversible pharynx (Cossuridae) in Group C were abundant guilds that did not contribute 

substantially to within-group similarity at these sites. Guilds that contributed to within-group 

similarity that were not in the top five of respective groups were A(C)D(B)P (Glyceridae) in all 

groups, I(S/B)M(B)T (Cirratulidae) in Group B, I(F/S)D(T)T (Spionidae) and A(C)M/D(C)P 

(Polynoidae) in Group C, and A(C)M/D(C)P (Polynoidae) and A(C)M(B/C/S)P (Nephtyidae) in 

Group D (Table 1.5).

There were no significant differences in Margalef's richness (d) of functional guilds among 

the groups (F3,19 = 2.63, p = 0.08), although Group D had the highest average richness (Table 1.3). 

Group B had a low Pielou's evenness (J') compared to Groups C and D (F3,19 = 4.62, p = 0.01; 

Table 1.3). In particular, Group C had low richness but high evenness, while Group D had high 

richness and high evenness. Group B had low richness and evenness. Additionally, Group D had 

higher functional redundancy (e.g., guilds I(S/B)M)B)T, I(B)M(B)P, I(B)M(B)N, and 

I(F/S)D(T)T each contained two families) compared to Group B (F3,19 = 4.62, p = 0.02; Table 1.3). 

Group A also exhibited functional redundancy (e.g., guilds I(B)M(B)N and I(S)D(T)T each 

contained two families).

Polychaete abundance gradually declined with sediment depth in Groups A and D, where 

abundance was about twice as high in the surface layer compared to the 1-5 cm layer (Figure 1.3). 

In contrast, polychaete abundance declined rapidly in Group B, where surface abundance was 
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almost four times higher than in the 1-5 cm layer. Group C showed relatively similar abundances 

in the 0-1 cm and 1-5 cm layers, with dominance of carnivores at all depths. Groups A and C 

showed an opposite pattern in biomass compared to abundance trends, with biomass maxima in 

the 5-10 cm layer (Figure 1.3), primarily attributed to the large carnivore Nephtyidae and high 

relative abundance of mid-sized subsurface deposit feeders. The large suspension feeder 

Sabellidae also contributed to the biomass maxima in Group A, and the large surface deposit feeder 

Pectinariidae contributed in Group C. In contrast, Group D had the greatest polychaete biomass in 

the surface layer (Figure 1.3) due to a high abundance of carnivores (Polynoidae) and a few large 

surface deposit feeders (Trochochaetidae). Biomass peaked in the 1-5 cm layer in Group B (Figure 

1.3) with particularly high abundance of large carnivores (Nephtyidae) and a high abundance of 

small or fragmented subsurface deposit feeders (e.g., Maldanidae, Capitellidae).

The surface layer at Group A sites had a high relative abundance of suspension and 

suspension/surface feeders compared to the other groups, although it was still a small portion at 

only 8%. There was a notably high relative abundance of carnivores at the 1-5 cm layer for Group 

B and the 1-10 cm layers for Group C. Groups A and D had a high relative abundance of 

surface/subsurface deposit feeders at depths. However, subsurface deposit-feeders made up 22% 

of total abundance in the surface layer in Group D and 83% in the 5-10 cm layer, where capitellids 

were abundant. Group D also had a higher relative abundance of suspension feeders in surface 

layers compared to Groups B and C, but still small at only 4%.

Environmental setting

The selected DistLM model accounted for 41.2% of total variation in polychaete functional 

guild composition and included TN, current speed, salinity, and percent silt/clay (Figure 1.5). 
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Some of the selected environmental predictors were highly correlated (Pearson's correlation 

coefficients >0.8) with other parameters not included in the model selection. TN was highly 

correlated with TOC. Percent silt/clay was highly correlated with mean phi, percent sand, and 

TOC.

The first dbRDA axis was highly negatively correlated with TN and percent silt/clay, and 

the second dbRDA axis was most positively correlated with current speed and salinity (Figure 1.5). 

These parameters suggest that organic matter and depositional environmental (i.e., current speed; 

muddy vs. sandy substrate) are important correlates of polychaete functional structure. Groups A 

and B were distinctly separated from Group C along the first dbRDA axis, reflecting differences 

in sediment type and TN between sandier substrate with low TN in the northern Bering Sea and 

muddier sediments with high TN in the central Chukchi Sea. In contrast, distribution of sites in 

Group D along axis one overlapped with the other groups, reflecting more variability in sediment 

grain size among sites (Figure 1.5).

Group A consisted of two sites in the Chirikov Basin (DBO2.2 and DBO2.3), which were 

characterized by sandy sediments, moderate current speeds, and low TN, TOC, and chl-a:phaeo, 

as well as higher δ13C values than the other groups (Figure 1.6; Figure 1.7). Group B included 

stations directly north (downstream) of the Bering Strait constriction and station CBE3 east of 

Saint Lawrence Island, near the Yukon River delta. Grain sizes ranged from fine sand to very 

coarse silt with high current speeds and organic matter content similar to that of Group A. CBE3 

had very low salinity (Table 1.1), reflecting freshwater input from the Yukon River.

Groups C and D were composed of stations in the more northerly portion of the study area, 

characterized by muddy sediment and high TOC and TN (Figure 1.6). IL4 was included in Group 

D in 2017 and Group C in 2018. Group C stations were located in the southern, offshore Chukchi 
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Sea and included the southeast Chukchi Sea hotspot (DBO3.8, CNL5). Group D was mostly 

comprised of the coastal stations with lower salinity indicative of the Alaska Coastal Water. CPE 

inventories were variable but included higher values in Group C, whereas chl-a:phaeo ratios were 

higher in Group D (Figure 1.6), suggesting deposition of phytodetritus in both areas. Group D 

stations also had higher C:N and lower δ13C values, suggesting more refractory organic matter. 

Group D also contained station DBO2.4 in the Chirikov Basin, which had a distinct community 

structure compared to the nearby DBO2.2 and DBO2.3 sites that made up Group A. The 

temperature at DBO2.4 was comparable to temperatures of Groups A and B. DBO2.4 had lower 

chl-a:phaeo, TOC, TN, and C:N, and higher δ13C than other Group D stations (Table 1.1).

Discussion

We identified four distinct polychaete assemblages based on functional guild composition 

that were associated with specific environmental conditions. Overall, the distribution of these 

assemblages aligned reasonably well with key benthic environmental variables, including grain 

size, current speed, and organic matter content. Although broad-scale features of the environment, 

such as substrate type and water mass distribution, are known to influence benthic biomass (Bluhm 

et al. 2009; Grebmeier et al. 2015), an exploration of the functional characteristics of infaunal 

communities provides a refined view of benthic ecosystem function in these four distinct regions. 

For example, sediment grain-size characteristics are well-known to constrain benthic assemblage 

structure (Rhoads 1974), as we observed here in the separation between the sandy, southern groups 

(Groups A and B) and the northern, muddy groups (Groups C and D). However, functional 

characteristics of infaunal assemblages indicate further differentiation among sites within sandy 

and muddy areas. We combined community structure and environmental information from these 
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subregions to construct a conceptual model of benthic ecosystem structure and function across the 

study area (Figure 1.8).

Benthic “eco-regions” in the Alaskan Arctic

Group A consisted of the two eastern DBO2 stations in the northern Bering Sea, located 

within the Chirikov Basin and characterized by sandy sediment and moderate current speeds. Our 

sediment TN, TOC, and CPE measurements indicated low amounts of organic matter (OM) in the 

sediments at these sites; however, suspended OM likely sustains benthic biomass in this area. The 

sandy sediment suggests lateral advection of particles, thus low phytodetritus deposition to the 

benthos. Previous reports of low sediment TOC concentration and low sedimentation rates further 

support this scenario (Grebmeier 1993). Furthermore, the relatively high proportion of suspension

feeding polychaetes in the surface layer reinforces the notion that currents structure the 

macrofaunal community at these sites (Gontikaki et al. 2011; Lovvorn et al. 2020).

Characteristics of many of the benthic taxa in Group A suggest the dependence of a large 

portion of the assemblage on fresh, high-quality suspended or recently deposited OM. For instance, 

the Chirikov Basin is a known amphipod hotspot and critical feeding ground for gray whales 

(Eschrichtius robustus). Amphipods in this region have been estimated to consume nearly all 

available carbon (Coyle et al. 2007). Indeed, amphipods were the most abundant taxon and had 

high biomass at the Group A sites, especially at DBO2.2. The amphipod community in the 

Chirikov Basin is reportedly dominated by the tube-dwelling suspension-feeding Ampeliscidae 

family (Grebmeier et al. 1989), although we found a diverse community of amphipod taxa in our 

samples, including Ampeliscidae, Lysianassidae, Phoxocephalidae, Photidae, and Tryphosidae. 

While some ampeliscids are obligate suspension feeders, others can supplement with surface 
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deposit-feeding or preying on small crustaceans (reviewed by Conlan et al. 2019). Group A also 

had a high portion of tube-dwelling polychaetes, many of which were tentaculate or palp feeders, 

such as Spionidae, Terebellidae, Sabellidae, and Ampharetidae. While surface and subsurface 

deposit feeders were the most abundant feeding type at these sites, there was a relatively high 

portion of suspension (Sabellidae) and facultative suspension feeders (Spioindae) in the surface 

layer, both of which exhibit particle selectivity (Guieb et al. 2004; Cavallo et al. 2007; Mincks et 

al. 2008). Suspension feeders need a specific range of current speeds to suspension feed, and many 

facultative species switch between suspension and deposit-feeding behaviors depending on both 

fluid velocities and organic composition of suspended particles (Bock and Miller 1997). Spionids 

grow faster when consuming high-quality suspended particles than when deposit feeding 

(Hentschel 2004). Additionally, spionids display an ontogenetic shift from feeding on labile 

particles like diatoms as juveniles to detrital feeders as adults (Hentschel 1998).

Group A also had a high relative abundance of surface/subsurface feeders at depth, such as 

Paraonidae, which primarily feed in deeper sediment layers and move to the surface to feed after 

a fresh food pulse (Jumars et al. 2015). Indeed, paraonids were most abundant in the 1-5 cm layer 

at the Group A stations and had a high relative abundance in the 5-10 cm layer, suggesting they 

were primarily subsurface feeding. Paraonids and others with non-muscular eversible pharynges 

are generally non-selective, while those with tentacles display more particle selection behavior 

(Magalhaes and Bailey-Brock 2017). These non-selective polychaetes likely consume more 

refractory and reworked detritus within the sediment. Similarly, capitellids and orbiniids were also 

common in Group A, both of which are burrowing subsurface deposit feeders with non-muscular 

eversible pharynges. Although capitellids are generally subsurface deposit feeders, they can 

respond to fresh deposits of organic-rich particles on the sediment surface (Tsutsumi et al. 2005). 
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However, in the absence of a fresh depositional event, they are likely consuming primarily 

refractory material that has been reworked and degraded by bacteria (Gontikaki et al. 2011). Both 

capitellids and orbiniids are in the same functional group, representing an example of functional 

redundancy. Overall, in Group A, suspension and surface feeders may take advantage of higher 

quality suspended material associated with the moderate fluid velocity at these sites, while 

subsurface feeders may dominate because they can survive on the more refractory buried detritus, 

suggesting physical resource partitioning of OM between these groups based on vertical 

stratification within the sediment (Jumars 1978; Whitlatch 1980; North et al. 2014).

Even within the Chirikov Basin, heterogeneity existed among polychaete assemblages, 

illustrating the importance of considering subregional spatial scales. For instance, although also 

located in the Chirikov Basin, station DBO2.4 clustered with Group D. DBO2.4 had a smaller 

abundance of certain tube-dwellers (e.g., guilds I(B)D(T)N, I(S)D(T)T, I(F/S)D(T)T) and a higher 

abundance of certain carnivores (e.g., guilds A(C)M(B/C/S)P and A(C)M/D(B)P) and burrowing 

deposit feeders (e.g., guilds I(B)M(B)P and I(S/B)M(B)T) compared to Group A stations. During 

sampling, DBO2.4 was solely in Anadyr Water, while the Group A stations were also influenced 

by Bering Shelf Water. DBO2.4 may be situated along the boundary between the Anadyr Water 

and Bering Shelf Water and may experience more variable hydrography associated with boundary 

conditions compared to the Group A stations. DBO2.4 also had a low relative abundance of 

amphipods and a high relative abundance of ostracods and brittle stars compared to Group A, 

representing Group D composition. Brittle stars have also been found in Anadyr Strait 

communities to the southwest of our sampling area (Grebmeier 1993).

The fourth station sampled in the Chirikov Basin (CBE3) clustered with Group B, which 

also included two stations with sandy substrate directly north (downstream) of the Bering Strait 
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(CNL3 and CPL8), all of which had high current speeds. CBE3 had similar environmental 

conditions to these more northerly sites, except that salinity was lower due to proximity to the 

Yukon River plume. The CBE region (measured at nearby CBE1) had high export flux during the 

time of sampling in 2018 (O'Daly et al. 2020). The Bering Strait stations in Group B had a larger 

percent of gravel (1-2%) compared to other stations, supporting the high current speeds at these 

sites. Currents are strong as water moves through the narrow Bering Strait constriction (Danielson 

et al. 2014). CBE3 also experiences strong currents as the flow accelerates past the eastern tip of 

St. Lawrence Island (Danielson et al. 2006).

Although the average monthly Bering Strait transport is highest in the summer (Woodgate 

2018), instantaneous current speeds are often quite strong (e.g., 70-100 cm s-1) in the fall and 

winter, resulting in disturbance and resuspension (Abe et al. 2019). However, currents in the 

Bering Strait throughflow can be weaker in the spring, allowing the spring bloom time to settle 

and leading to high sediment chl-a values (Abe et al. 2019). High dominance of relatively few 

families, especially the classic opportunists Capitellidae and Spionidae, could suggest a disturbed 

environment (Rhoads et al. 1978), for example, due to scouring from the strong currents. However, 

the high abundance of large carnivorous polychaetes observed in Groups B would be less likely in 

recently disturbed areas and is supported by the deposition of the spring bloom during weaker 

phases of the currents (Abe et al. 2019).

Further north, the flow field fans out over the wide and shallow Chukchi Sea shelf, and 

velocity decreases, allowing local and advected sources of OM to settle to the seafloor (Grebmeier 

et al. 2015b; Feng et al. 2020). These stations are influenced by the nutrient-rich, highly productive 

Anadyr Water and the somewhat less nutrient-rich Bering Shelf Water with high levels of observed 

export flux of diatom detritus and viable diatom cells (O'Daly et al. 2020). Group C was composed 
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of muddy stations in the offshore Chukchi Sea with low current speeds, including the benthic 

hotspot area near DBO3.8 and CNL5 (Grebmeier et al. 2015b), where large amounts of labile OM 

are deposited. Interestingly, although Group C had large amounts of OM, it had a low abundance 

of total macrofauna and low abundance and biomass of polychaetes. However, it had a large 

biomass and average size of macrofauna. These trends may be due to the competitive advantage 

of a few large-bodied bivalves. For instance, Macoma calcarea responds rapidly to fresh material 

deposited on the sediment surface by using its long siphon to access the OM before it becomes 

available to other deposit feeders (North et al. 2014). Additionally, the removal of large organisms 

can lead to an increase in the abundance of smaller organisms due to a density-dependent effect of 

competition (Thrush et al. 2006).

The large amounts of sediment OM in Groups B and C supported a high relative abundance 

of carnivores in both groups. The dominant carnivores at Group B sites were Phyllodocidae, which 

burrow or crawl and feed with a muscular eversible pharynx (Kedra et al. 2012; Sokołowski et al. 

2014; Jumars et al. 2015) and are known to eat other polychaetes (Michaelis and Vennemann 

2005). At Group C sites, Nephtyidae and Sigalionidae were common carnivores, both of which 

are motile predators with a muscular eversible pharynx. Sigalionids may be active hunters or sit- 

and-wait predators (Jumars et al. 2015). Nephtyids consume a variety of prey, including 

amphipods, foraminifera, and polychaetes (Gaston 1987; Redmond and Scott 1989). Nephtyids 

were abundant throughout the upper 5 cm of sediment and often burrow right below the sediment

water interface (Jumars et al. 2015).

In contrast to Group C, the coastal Chukchi Sea stations of Group D are generally 

influenced by the nutrient-poor, low-productivity Alaska Coastal Water (Danielson et al. 2017; 

O'Daly et al. 2020). These stations likely have a high input of refractory terrestrial material or 
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marine detritus that has been reworked during lateral transport, as suggested by low δ13C values 

and high C:N (Feder et al. 2007; Iken et al. 2010). We found high chl-a:phaeo at some sites and 

high TOC and TN in part attributed to a visible layer of newly deposited phytodetritus. Sampling 

timing compared to depositional events associated with ice-cover and bloom phenology are known 

to influence measurements of sediment OM (Lovvorn et al. 2020), and we sampled these stations 

shortly after sea-ice retreat. In addition to the amount of food, the quality of food can influence 

benthic biomass and abundance, impacting trophic structure and ecosystem function (Campanya- 

Llovet et al. 2017). Sites in Group D had low macrofauna and polychaete biomass and small 

average body sizes, with the majority of individuals concentrated in the surface sediment layer. 

However, Group D also had the highest number of polychaete families and high functional-guild 

richness and evenness. Station IL4, which switched from Group D to Group C between years, may 

be experiencing dynamic frontal or ice-edge conditions that affect advection and deposition of 

OM. In contrast to other Group D stations, DBO3.3 had a high abundance and biomass of total 

macrofauna, which has been found before under the ACW near Point Hope, Alaska, and some 

stations within the Chukchi Bight, likely supported by advected and resuspended organic material 

(Feder et al. 2007). Similar to Group A, deposit feeders were the most abundant feeding types in 

Group D. These tentacle feeders were concentrated in the surface layer, suggesting the 

predominance of particle-selective surface deposit-feeding. Many subsurface deposit-feeders were 

also found in the upper 1 cm.

Implications for ecosystem processes

We created a conceptual model demonstrating how substrate type, water mass 

characteristics, current speed, and OM input related to benthic community structure and 
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hypothesized environmental inferences from each of the eco-regions, such as bioturbation 

potential and remineralization pathways (Figure 1.8). While some distinctions between the sandy 

and muddy stations are likely related to the substrate type, many nuances are missed with this 

generalization. For instance, the vertical distribution of macrofauna with particular functional traits 

impacts biogeochemical cycling through oxygenation and bioturbation of sediment. There was 

evidence of intense sediment mixing in Groups A, B, and C, which all had subsurface maxima of 

polychaete biomass. The taxonomic composition and function of the benthic community, such as 

position within the sediment, burrow construction, and bioturbation mode, impact bioturbation 

intensity (Solan et al. 2008; Braeckman et al. 2010). Large, tube-dwelling, head-down deposit

feeders, such as Maldanidae (Group A) and Pectinariidae (Group B), were relatively abundant at 

these sites and are known to influence biogeochemical cycling through oxygenation of the 

sediment by flushing their tubes (McTigue et al. 2016). Group C contained stations DBO3.6 and 

DBO3.8, the only stations with a subsurface peak in total macrofaunal abundance. These stations 

also had high biomass in the 5-10 cm layer dominated by bivalves. High deposition of labile OM 

at these stations likely stimulates bioturbation by macrofauna, leading to high rates of aerobic 

remineralization and subduction of OM into deeper sediments (Aller 1994). Vertical distribution 

of sediment microbial communities also suggests intense sediment mixing in Groups A, B, and C, 

with a homogenous community of aerobic microbes inhabiting the upper 7 cm of sediment and 

evidence of a deep oxic/anoxic boundary at about 7-10 cm (Walker et al. submitted). In contrast, 

the Group D stations had most of the macrofauna abundance concentrated at the surface and are 

predicted to have low bioturbation rates restricted to surface sediments, with primarily anaerobic 

remineralization of OM. Group D stations showed a shallow transition to this anaerobic microbial 

community at 1 cm (Walker et al. submitted). The concentration of macrofauna and small-bodied 
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polychaetes in the surface layer may be due to shallow anoxic conditions at this site, where 

anaerobic mineralization of organic matter may be the dominant pathway. Slow current speeds 

and high deposition rates may also lead to rapid burial of OM that escapes consumption by 

macrofauna in the surface sediments.

When more than one taxa perform similar ecological roles, functional redundancy can 

contribute to ecological resiliency to disturbance (Snelgrove 1998; Bremner et al. 2006), and this 

relationship has been demonstrated for polychaetes in a variety of settings (e.g., Magalhaes and 

Barros 2011). Groups A and D had the highest functional redundancy and may be more resilient 

to disturbance than Groups B and C. However, functional redundancy was low throughout the 

study area, with most functional guilds represented by only one or two polychaete families. Low 

functional redundancy was also determined for the whole macrobenthos in the Bering Sea (Kun et 

al. 2019). Accordingly, benthic ecosystem function in the Pacific Arctic may be susceptible to 

species loss or shifts in community structure caused by environmental change. Additionally, 

taxonomic and functional diversity can lead to higher benthic flux rates and OM processing, and 

a loss of this diversity may impact these ecosystem functions (Belley and Snelgrove 2017).

Alterations in benthic biomass and community composition have already been observed in 

response to environmental change in the Pacific-Arctic region (Grebmeier 2012; Goethel et al. 

2019; Waga et al. 2020; Stabeno et al. 2020a), with likely impacts on carbon cycling (Jones et al. 

2021). A decline in phytodetrital input to the seafloor has been predicted (Lee et al. 2013; Moore 

and Stabeno 2015), and model results for the Chirikov Basin suggest this decline will result in a 

steady loss of deposit feeders followed by a decline in carnivorous polychaetes (Lovvorn et al. 

2016). However, deposit-feeding polychaetes remained relatively constant under simulated 

declines of different magnitudes south of St. Lawrence Island, and carnivorous polychaetes 

37



declined slightly (Lovvorn et al. 2016). These regional differences demonstrate the need for local, 

high-resolution data to inform the modeling (and its evaluation) of ecosystem function and 

potential impacts of environmental change. For instance, the four polychaete functional 

assemblages identified in our study will likely respond differently to projected changes in food 

input and other environmental changes.

Taxa that rely more on fresh microalgae, such as protists, meiofauna, and tunicates, are 

likely to be more vulnerable, especially in the short term, to declines in phytodetrital inputs 

(Lovvorn et al. 2016). This vulnerability might also extend to polychaetes relying on higher-quality 

food particles, such as suspension and surface deposit feeders (Lessin et al. 2019). Consequently, 

sites in the Chirikov Basin and just north of Bering Strait (Groups A and B) with higher proportions 

of these types of feeders (e.g., Spionidae, Terebellidae) may be particularly at risk. These taxa are 

also discretely motile tube-dwellers, which, like amphipods, rely on water currents to supply 

suspended OM, contributing to their likely sensitivity to declines in primary production (Coyle et 

al. 2007). Additionally, some juveniles rely on discrete, labile food particles. For example, juvenile 

spionids feed on labile particles like fresh diatoms before experiencing an ontogenetic shift to 

detrital feeders as adults (Hentschel 1998). Even if the adult food source is still abundant, a 

reduction in labile particles could cause a bottleneck in development and a population decline. In 

contrast, deposit feeders may be somewhat buffered against declines in phytodetrital input by a 

sediment food bank of labile organic matter (Mincks et al. 2005; Pirtle-Levy et al. 2009). These 

differing responses to environmental change based on functional traits may indicate that specific 

traits will be more susceptible, with deposit feeders potentially outcompeting suspension feeders. 

Consequently, it is possible that large suspension feeders will decline, and these broader areas 
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would transition to assemblages resembling Group D, with small deposit feeders adapted to less 

labile food.

Changes in phytodetrital input impact trophic groups differently (Lovvorn et al. 2016). 

However, the benthos is often oversimplified in ecosystem modeling due to a lack of available 

information (Whitehouse et al. 2014). This aggregation of the benthos at higher taxonomic levels 

or generic functional groups likely does not reflect local ecosystem function. For instance, feeding 

type alone did not distinguish differences in proportional contribution of bacterial, phytoplankton, 

and terrestrial OM sources in the Chukchi Sea food web, suggesting the need to consider other 

traits, including motility and particle selectivity (Zinkann et al. 2021). Consequently, the 

differences among the four polychaete functional guild assemblage “eco-regions” identified here, 

which considered feeding type, feeding structure, and motility, can be used to inform ecosystem 

models through the Pacific Arctic.

In conclusion, we found that the depositional environment, characterized by grain size, 

current speed, and amount and quality of OM deposition, structures the taxonomic, functional, and 

vertical structure of the Pacific Arctic benthos. These community composition patterns likely 

impact benthic trophic food web dynamics and biogeochemical and carbon cycling within the 

sediment, especially rapid, short-term processing of OM. Consequently, alterations in polychaete 

functional traits due to changing environmental conditions will likely impact the biogeochemical 

and carbon cycle of the benthos. Thus, ecosystem modeling and conservation and management 

would benefit from including representatives of different ecosystem functional systems, such as 

the different polychaete functional assemblage “eco-regions” and the trophic and biogeochemical 

carbon cycling they represent.
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Tables and Figures
Table 

1.1: 
M

acrofaunal, environm
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ent characteristics from stations in the northern Bering and 
southern Chukchi Sea shelves in 2017 and 2018, including clustering group, latitude (N
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Station Group Latitude 
(oN)

Longitude 
(oW)

Macrofauna 
abundance 
(ind. m-2)

Macrofauna 
Biomass
(gm-2)

Depth
(m)

Temp. 
(°C)

Sal. Mean 
Phi

⅜ 
Silt/Clay

Surface
Chla
(ug cm-2)

Surf. 
Phaeo 
(ug cm-2)

Surface 
Chla: 
Phaeo

0-10 cm 
chl-a 
(ug cm-2)

0-10cm 
phaeo 
(ug cm-2)

Surface TOC 
(mg cm-2)

Surface TN 
(mg cm-2)

Surf.
C:N

Surf.
δ13C

2017
CLl D 68.95 -166.91 20879 ± 5534 92 ±94 48 0.3 32.1 6.16 0.76 81.24 37.89 2.16 127.40 86.19 6.78 0.91 7.51 -22.62
CL3 C 69.03 -168.89 12762 ±611 347±145 53 2.0 32.8 6.67 0.90 32.83 32.73 1.00 87.42 175.00 6.03 0.85 7.10 -22.22
CNL3 B 66.50 -168.96 26292 ±4592 2407±1498 56 2.2 32.6 2.34 0.14 22.09 71.29 0.32 75.85 282.49 2.45 0.38 6.37 -21.63
CPL8 B 66.50 -168.54 44181 260 52 3.96 32.6 3.592 0.272 27.73 58.22 0.48 48.84 104.14 3.00 0.40 7.55 -22.34
DBO2.2 A 64.68 -169.10 26229 ± 10084 480 ±31 46 2.8 32.8 2.91 0.11 12.11 44.03 0.28 40.15 136.80 2.86 0.40 7.08 -22.02
DBO2.3 A 64.67 -168.24 23555 ±1260 243 ± 26 39 2.4 32.4 2.411 0.084 6.57 15.30 0.43 24.06 37.14 1.64 0.24 6.97 -21.39
DBO2.4 D 64.96 -169.89 8400 ±2374 673 ±418 48 2.6 32.8 3.06 0.11 8.20 26.03 0.33 35.79 106.27 4.39 0.65 6.74 -21.77
DBO3.3 D 68.19 -167.31 25055 ±3280 145 ±141 48 1.5 32.3 3.05 0.38 15.86 18.45 0.84 54.89 79.32 3.82 0.57 6.75 -22.30
DBO3.6 C 67.90 -168.24 26754 ±1823 1742 ±3 59 3.9 32.9 4.63 0.45 23.32 71.78 0.32 142.97 524.72 6.16 0.91 6.75 -21.94
DBO3.8 C 67.67 -168.73 17571 ±4141 1399 ±833 50 2.0 32.8 6.75 0.92 24.34 66.44 0.44 192.76 491.08 7.17 1.06 6.75 -21.83
IL2 D 67.54 -164.88 22125 ±3775 309 ±238 35 -1.2 31.7 6.17 0.76 38.03 18.75 2.30 87.61 51.15 5.46 0.73 7.52 -22.40
IL4 D 67.40 -165.84 29406 ±11532 19 ± 13 39 2.8 32.3 6.79 0.93 27.46 27.05 0.87 79.95 134.66 6.22 0.87 7.12 -22.65
2018
CBE3 B 63.51 -168.18 15406 ±4867 208 ±346 32 1.1 31.7 4.51 0.3 1.20 4.00 0.30 6.82 32.36 4.71 0.68 7.19 -22.48
CLl D 68.95 -166.91 20924 ± 5475 51±8 46 0.0 31.9 6.16 0.76 4.92 4.03 1.21 12.58 29.42 7.96 1.04 7.74 -23.09
CL3 C 69.03 -168.89 13348 ±2265 652 ±117 53 -0.6 32.4 6.67 0.90 2.65 4.66 0.57 9.95 38.96 6.72 0.99 6.86 -22.10
CNL3 B 66.50 -168.96 17698 ±2042 2100 ± 515 56 1.9 32.5 2.34 0.14 5.85 5.66 1.00 15.66 39.75 4.50 0.70 6.44 -21.88
CNL5 C 67.00 -168.96 10647 ±3287 1833 ± 911 48 1.5 33.0 5.00 0.48 1.41 4.76 0.30 16.11 39.01 5.52 0.76 7.21 -22.40
DBO2.2 A 64.68 -169.10 28234 ± 8807 386 ±378 46 2.4 32.3 2.92 0.11 2.90 5.02 0.57 10.08 35.10 3.75 0.55 6.75 -21.72
DBO2.4 D 64.96 -169.89 8149 ±2049 337±361 48 1.6 32.4 3.06 0.11 2.39 3.89 0.61 7.45 26.90 3.37 0.48 7.01 -21.77
DBO3.3 D 68.19 -167.31 19523 ±2994 226 ±107 48 0.5 32.5 3.05 0.38 3.90 2.99 1.29 10.29 30.44 5.18 0.71 7.04 -22.41
DBO3.6 C 67.90 -168.24 11602±4179 535 ±308 58 0.6 32.7 4.63 0.45 1.95 4.70 0.43 10.05 46.95 5.31 0.79 6.74 -22.03
DBO3.8 C 67.67 ■168.96 11255 ±1594 2702 ± 903 51 1.5 32.8 5.56 0.62 0.80 4.12 0.19 6.94 44.37 6.19 0.93 6.64 -21.86
IL4 C 67.40 -165.84 12669 ±3121 118 ±119 39 2.1 32.5 6.79 0.93 3.66 3.42 1.08 15.56 33.97 6.13 0.81 7.55 -22.69



Table 1.2: (a) Legend of polychaete functional guild codes from Jumars et al. (2015) for feeding type, motility, and 
feeding structure. (b) Polychaete families and assigned functional guilds (based on Jumars et al. 2015). Codes that 
have multiple traits in parenthesis are families that are facultative feeders, display multiple modes of movement, or 
have common species within a family that display different traits.
(a)

Feeding Motility Structure

I: Microphage

A: Macrophage

O: Omnivore

(B): Subsurface

(S): Surface

(F): Suspension

(C): Carnivore

D: Discretely motile

M: Motile

(T): Tube

(B): Burrow

(C): Crawl

(S): Swim

T: Tentacle/palps

(N): Non-muscular eversible pharynx

P: Muscular eversible pharynx

Detailed guild Families
Macrophage 
carnivores:

A(C)D(B)P
A(C)M(B/C)P
A(C)M(B/C/S)P
A(C)M/D(B)P 
A(C)M/D(C)P 
A(C)MP

Glyceridae 
Phyllodocidae 
Nephtyidae 
Sigalionidae 
Polynoidae 
Sphaerodoridae

Microphage I(B)D(T)N Maldanidae
subsurface deposit 
feeders: I(B)D(T)T Pectinariidae

I(B)M(B)N Capitellidae, Orbiniidae
I(B)M(B)P Cossuridae, Sternaspidae
I(B)M(B/S)N Opheliidae, Scalibregmatidae
I(B)M/D(B/T)T Trichobranchidae

Microphage 
suspension 
feeders:

I(F)S(T)T Sabellidae, Serpulidae

Microphage 
suspension/surface 
deposit feeders:

I(F/S)D(T)T Oweniidae, Spionidae

Microphage 
surface deposit

I(S)D(B)T Flabelligeridae

feeders: I(S)D(T)T Ampharetidae, Terebellidae, Trochochaetidae

Microphage 
surface/subsurface

I(S/B)M(B)N Paraonidae

deposit feeders: I(S/B)M(B)T Cirratulidae, Magelonidae

Microphage 
(unspecified) 
feeder:

IDT Apistobranchidae

Omnivores: OM(B/C)P Syllidae
OM(C)P Dorvilleidae
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Table 1.3: Average macrofauna (including polychaetes) and polychaete abundance (ind. m-2), biomass (g m-2), and 
body size (g ind.-1) for each group (± standard deviation) for the upper 10 cm of sediment; and polychaete functional 
guild Margalef's richness (d), Pielou's evenness (J'), and functional redundancy index. Samples were collected from 
the northern Bering and southern Chukchi Sea shelves in 2017 and 2018.

Group A Group B Group C Group D
Macrofauna

Abundance 25,815 ± 2,650 25,946 ± 12,963 14,497 ± 5,429 18,852 ± 7,190
Biomass 367 ± 123 1,367 ± 1,129 1,147 ± 881 225 ± 216
Average Size

Polychaete
0.02 ± 0.005 0.07 ± 0.06 0.09 ± 0.08 0.02 ± 0.03

Abundance 8,769 ± 990 11,903 ± 3,193 5,160 ± 2,203 7,792 ± 3,226
Biomass 78 ± 17 46 ± 5 85 ± 141 37 ± 24
Average Size

Functional guild
0.009 ± 0.003 0.004 ± 0.001 0.02 ± 0.02 0.005 ± 0.004

Richness 1.29 ± 0.29 1.18 ± 0.19 1.23 ± 0.20 1.48 ± 0.20
Evenness 0.75 ± 0.03 0.64 ± 0.09 0.78 ± 0.06 0.77 ± 0.07
Redundancy 1.16 ± 0.03 1.02 ± 0.04 1.09 ± 0.08 1.16 ± 0.08
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Table 1.4: Relative abundance (%) of dominant macrofauna, polychaete families, polychaete functional guilds 
(functional guild codes described in Table 1.2), feeding types, motility, and feeding structures within each group of 
stations indicated in Figure 1.1 (Groups A-D). Numbers in parentheses indicate total number of classifications found 
in each group (i.e., total number of families or total number of functional guilds). Macrofaunal samples were collected 
from the northern Bering and southern Chukchi Sea shelves in 2017 and 2018.

Top 10 polychaete families

Most abundant macrofauna in each group (>1%)
Group A Group B Group C Group D
Amphipoda - 36.85 
Polychaete - 33.97 
Bivalvia - 12.99 
Malacostraca - 6.84 
Ostracoda - 6.72 
Echinoidea - 1.46

Polychaeta - 45.44
Amphipoda - 27.00
Bivalvia - 17.93
Malacostraca - 2.80
Echiura - 1.96
Ostracoda - 1.53
Gastropoda - 1.05

Polychaeta - 35.56
Amphipoda - 32.00
Bivalvia - 21.92
Ophiuroidae - 2.97
Ostracoda - 2.86
Echiura - 1.64
Malacostraca - 1.45

Polychaeta - 41.34 
Bivalvia - 14.66 
Ostracoda - 13.85
Amphipoda - 9.41
Malacostraca - 6.51
Ophiuroidae - 4.66
Echiura - 3.96
Echinoidea - 3.06
Gastropoda - 1.39

Table 1.4 continued on next page.

Group A (19 families)
Paraonidae - 26.50
I(S/B)M(B)N
Capitellidae - 17.91
I(B)M(B)N
Spionidae - 14.28
I(F/S)D(T)T
Terebellidae - 13.13
I(S)D(T)T
Maldanidae - 5.87
I(B)D(T)N
Glyceridae - 5.20
A(C)D(B)P
Orbiniidae - 3.69
I(B)M(B)N
Polynoidae - 3.51
A(C)M/D(C)P
Syllidae - 1.69
OM(B/C)P
Sigalionidae - 1.57
A(C)M/D(B)P

Group B (17 families)
Capitellidae - 31.72
I(B)M(B)N
Phyllodocidae - 25.82
A(C)M(B/C)P
Spionidae - 17.20
I(F/S)D(T)T
Polynoidae - 5.69
A(C)M/D(C)P
Sigalionidae - 4.51
A(C)M/D(B)P
Cirratulidae - 4.35
I(S/B)M(B)T
Nephtyidae - 2.45
A(C)M(B/C/S)P
Maldanidae - 2.28
I(B)D(T)N
Glyceridae - 2.04
A(C)D(B)P
Pectinariidae - 1.31
I(B)D(T)T

Group C (20 families)
Nephtyidae - 18.45
A(C)M(B/C/S)P
Sigalionidae - 15.42
A(C)M/D(B)P
Cossuridae - 12.46
I(B)M(B)P
Flabelligeridae - 12.11
I(S)D(B)T
Capitellidae - 9.74
I(B)M(B)N
Spionidae - 8.68
I(F/S)D(T)T
Cirratulidae - 6.45
I(S/B)M(B)T
Phyllodocidae - 4.35
A(C)M(B/C)P
Polynoidae - 3.63
A(C)M/D(C)P
Glyceridae - 3.43
A(C)D(B)P

Group D (28 families)
Cirratulidae - 28.32
I(S/B)M(B)T
Cossuridae - 15.97
I(B)M(B)P
Capitellidae - 14.56
I(B)M(B)N
Spionidae - 8.04
I(F/S)D(T)T
Sigalionidae - 6.06
A(C)M/D(B)P
Polynoidae - 4.53
A(C)M/D(C)P
Glyceridae - 3.74
A(C)D(B)P
Orbiniidae - 3.23
I(B)M(B)N
Nephtyidae - 3.17
A(C)M(B/C/S)P
Phyllodocidae - 2.20
A(C)M(B/C)P

Top 5 polychaete functional guilds
Group A (17 guilds) Group B (16 guilds) Group C (16 guilds) Group D (21 guilds)
I(S/B)M(B)N - 26.50 
Surface/subsurface, motile, 
burrowing, non-muscular 
I(B)M(B)N - 21.60 
Subsurface, motile, burrowing, 
non-muscular
I(S)D(T)T - 14.46 
Surface, discretely motile, tube
dwelling, tentacles/palps

I(F/S)D(T)T - 14.28 
Suspension/surface, discretely 
motile, tube-dwelling, 
tentacles/palps
I(B)D(T)N - 5.87 
Subsurface, discretely motile, 
tube-dwelling, non-muscular

I(B)M(B)N - 31.94
Subsurface, motile, burrowing, 
non-muscular
A(C)M(B/C)P - 25.89
Carnivore, motile, 
burrowing/crawling, muscular
I(F/S)D(T)T - 17.25
Suspension/surface, discretely 
motile, tube-dwelling, 
tentacles/palps
A(C)M/D(C)P - 5.71
Carnivore, motile/discretely 
motile, crawling, muscular

A(C)M/D(B)P - 4.52
Carnivore, motile/discretely
motile, burrowing, muscular

A(C)M(B/C/S)P - 18.45 
Carnivore, motile, burrowing/ 
crawling/swimming, muscular 
A(C)M/D(B)P - 15.42 
Carnivore, motile/discretely 
motile, burrowing, muscular 
I(B)M(B)P - 13.29 
Subsurface, motile, burrowing, 
muscular

I(S)D(B)T - 12.11
Surface, discretely motile, 
burrowing, tentacles/palps

I(B)M(B)N - 11.49
Subsurface, motile, burrowing, 
non-muscular

I(S/B)M(B)T - 28.70
Surface/subsurface, motile, 
burrowing, tentacles/palps
I(B)M(B)N - 17.81
Subsurface, motile, burrowing, 
non-muscular
I(B)M(B)P - 16.77
Subsurface, motile, burrowing, 
muscular

I(F/S)D(T)T - 8.25
Suspension/surface, discretely 
motile, tube-dwelling, 
tentacles/palps
A(C)M/D(B)P - 6.06
Carnivore, motile/discretely 
motile, burrowing, muscular
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Table 1.4 continued.

Polychaete feeding types
Group A Group B Group C Group D
Subsurface - 28.31
Surface/subsurface -
27.28
Surface - 14.46

Suspension/Surface -
14.28
Carnivore - 12.46
Omnivore - 1.69
Suspension - 1.51 
Unspecified Microphage 
- 0.00

Carnivore - 40.62
Subsurface - 35.57

Suspension/Surface -
17.25
Surface/subsurface - 5.30

Omnivore - 0.84
Surface - 0.29
Suspension - 0.13
Unspecified Microphage
- 0.00

Carnivore - 45.44
Subsurface - 26.74

Surface - 12.50

Suspension/surface - 8.68

Surface/subsurface - 6.45
Suspension - 0.15
Omnivore - 0.05 
Unspecified Microphage 
- 0.00

Subsurface - 35.60 
Surface/subsurface - 
30.25
Carnivore - 20.23

Suspension/surface - 8.25

Suspension - 2.28
Surface - 2.11
Omnivore - 1.15
Unspecified Microphage
- 0.14

Top 5 polychaete motility types
Group A Group B Group C Group D
Motile, burrowing - 48.88
Discretely motile, tube
dwelling - 35.09

Discretely motile,
burrowing - 5.20
Motile/discretely motile, 
crawling - 3.51 
Motile, burrowing/ 
crawling/ swimming -
1.81

Motile, burrowing - 37.24
Motile, burrowing/ 
crawling/ swimming -
28.34
Discretely motile, tube
dwelling - 20.91 
Motile/discretely motile, 
crawling - 5.71 
Motile/discretely motile, 
burrowing - 4.52

Motile, burrowing - 31.22
Motile, burrowing/ 
crawling/ swimming -
22.80
Discretely motile,
burrowing - 15.54 
Motile/discretely motile,
burrowing - 15.42
Discretely motile, tube
dwelling - 11.03

Motile, burrowing - 64.82
Discretely motile, tube
dwelling - 9.60

Motile/discretely motile,
burrowing - 6.06
Discretely motile,
burrowing - 5.46
Motile, burrowing/ 
crawling/ swimming -
5.37

Polychaete feeding structure types
Group A Group B Group C Group D
Non-muscular eversible
pharynx - 54.08
Tentacles/palps - 31.76

Muscular eversible
pharynx - 14.16

Muscular eversible 
pharynx - 41.45 
Non-muscular eversible 
pharynx - 35.20 
Tentacles/palps - 23.35

Muscular eversible 
pharynx - 58.78 
Tentacles/palps - 29.56

Non-muscular eversible 
pharynx - 11.66

Tentacles/palps - 41.69

Muscular eversible 
pharynx - 38.15 
Non-muscular eversible 
pharynx - 20.17
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Table 1.5: Similarity Percentages (SIMPER) polychaete functional guild contributions to similarity between samples 
within groups (%) with a 70% cut-off for low contributions. Average group similarity in parenthesis next to group 
name. Macrofaunal samples were collected from the northern Bering and southern Chukchi Sea shelves in 2017 and 
2018.
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Group A (72.86 avg) Group B (74.27 avg) Group C (76.83 avg) Group D (76.55 avg)
I(B)M(B)N - 15.44
Subsurface, motile, 
burrowing, non-muscular 
(Capitellidae, Orbiniidae)
I(S/B)M(B)N - 15.35
Surface/subsurface, motile, 
burrowing, non-muscular 
(Paraoinidae)

I(F/S)D(T)T - 11.81
Suspension/surface, discretely 
motile, tube-dwelling, 
tentacles/palps
(Spionidae)
I(S)D(T)T - 11.16
Surface, discretely motile, 
tube-dwelling, tentacles/palps 
(Terebellidae, Ampharetidae)

I(B)D(T)N - 10.15
Subsurface, discretely motile, 
tube-dwelling, non-muscular 
(Maldanidae)

A(C)D(B)P - 9.96
Carnivore, discretely motile, 
burrowing, muscular 
(Glyceridae)

I(B)M(B)N - 15.80
Subsurface, motile, burrowing, 
non-muscular
(Capitellidae, Orbiniidae)
I(F/S)D(T)T - 13.82
Suspension/surface, discretely 
motile, tube-dwelling, 
tentacles/palps
(Spionidae)
A(C)M(B/C)P - 13.48
Carnivore, motile, 
burrowing/crawling, muscular 
(Phyllodocidae)

A(C)M/D(B)P - 10.44
Carnivore, motile/discretely 
motile, burrowing, muscular 
(Sigalionidae)

I(S/B)M(B)T - 8.99
Surface/subsurface, motile, 
burrowing, tentacles/palps 
(Cirratulidae)

A(C)D(B)P - 8.48
Carnivore, discretely motile, 
burrowing, muscular 
(Glyceridae)

A(C)M/D(B)P - 12.77
Carnivore, motile/discretely 
motile, burrowing, muscular 
(Sigalionidae)
I(B)M(B)N - 12.50
Subsurface, motile, burrowing, 
non-muscular
(Capitellidae, Orbiniidae)

A(C)M(B/C/S)P - 12.04
Carnivore, motile, 
burrowing/crawling/swimming, 
muscular
(Nephtyidae)
I(S)D(B)T - 11.10
Surface, discretely motile, 
burrowing, tentacles/palps 
(Flabelligeridae)

I(F/S)D(T)T - 9.93
Suspension/surface, discretely 
motile, tube-dwelling, 
tentacles/palps
(Spionidae)
A(C)M/D(C)P - 9.17
Carnivore, motile/discretely 
motile, crawling, muscular 
(Polynoidae)
A(C)D(B)P - 8.54
Carnivore, discretely motile, 
burrowing, muscular 
(Glyceridae)

I(S/B)M(B)T - 13.15
Surface/subsurface, motile, 
burrowing, tentacles/palps 
(Cirratulidae, Magelonidae)
I(B)M(B)P - 11.72
Subsurface, motile, burrowing, 
muscular
(Cossuridae, Sternapsidae)

I(B)M(B)N - 11.19
Subsurface, motile, burrowing, 
non-muscular
(Capitellidae, Orbiniidae)

I(F/S)D(T)T - 9.32
Suspension/surface, discretely 
motile, tube-dwelling, 
tentacles/palps
(Spionidae, Oweniidae)
A(C)M/D(B)P - 9.21
Carnivore, motile/discretely 
motile, burrowing, muscular 
(Sigalionidae)

A(C)M/D(C)P - 8.01
Carnivore, motile/discretely 
motile, crawling, muscular 
(Polynoidae)
A(C)M(B/C/S)P - 7.23
Carnivore, motile, burrowing/ 
crawling/swimming, muscular 
(Nephtyidae)
A(C)D(B)P - 6.31
Carnivore, discretely motile, 
burrowing, muscular
(Glyceridae)



Figure 1.1: Macrofauna sampling locations in the northern Bering and southern Chukchi seas in 2017 and 2018. Nine 
stations were sampled in both years. Colors and symbols are based on hierarchical agglomerative clustering with 
group-averaged linkage on 4th root transformed polychaete functional guild abundances and Bray-Curtis similarity 
from Figure 1.2. Station IL 4 clustered in Group D in 2017 and Group C in 2018.
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Figure 1.2: nMDS ordination of polychaete functional guild community structure (ind. m-2) from the northern Bering 
and southern Chukchi seas in 2017 and 2018. Ordination based on hierarchical agglomerative clustering with group- 
averaged linkage on 4th root transformed data and Bray-Curtis similarity. Four significant station groupings circled in 
black based on the similarity profile test (SIMPROF). Arrows indicate trajectories from 2017 to 2018 for stations 
sampled in both years.
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Figure 1.3: Average abundance (ind. m-3) and biomass (g m-3) within each group of Amphipoda, Bivalvia, Polychaeta, 
and other macrofaunal taxa for each sediment layer from samples collected in the northern Bering and southern 
Chukchi seas in 2017 and 2018. Scale for Group B biomass is different from other groups. Groups based on 
hierarchical agglomerative clustering with group-averaged linkage on 4th root transformed polychaete functional guild 
abundances and Bray-Curtis similarity from Figure 1.2.
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Figure 1.4: nMDS ordination of polychaete functional guild community structure from the northern Bering and 
southern Chukchi seas in 2017 and 2018. Ordination based on hierarchical agglomerative clustering with group- 
averaged linkage on 4th root transformed data and Bray-Curtis similarity. Significant clusters circled in black based on 
similarity profile test (SIMPROF). Pie slices represent the abundance of polychaete functional guilds in the top three 
guilds contributing to within-group similarity in at least one group based on Similarity Percentages (SIMPER) 
procedure. The first three guilds in the legend are carnivores (A-C), followed by two subsurface deposit feeders (D
E), a suspension/surface deposit feeder (F), and two surface/subsurface deposit feeders (G-H). See Table 1.2 for 
detailed guild information.
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Relationships between dbRDA coordinate axes and orthonormal X variables 
(multiple partial correlations).

dbRDA1 dbRDA2 dbRDA3 dbRDA4
TN -0.764 0.190 -0.029 -0.616
Current speed 0.263 0.759 0.583 -0.121
Salinity -0.193 0.613 -0.615 0.458
% Silt/clay -0.556 -0.114 0.530 0.630

Figure 1.5: Distance-based redundancy analysis (dbRDA) displaying the relationship between polychaete functional 
guild community structure and environmental correlates from stations in the northern Bering and southern Chukchi 
Sea continental shelves in 2017 and 2018. Colors and symbols are based on groups identified based on hierarchical 
agglomerative clustering with group-averaged linkage on 4th root transformed polychaete functional guild abundances 
and Bray-Curtis similarity from Figure 1.2. The selected model accounted for 41.2% of total variation and included 
TN, current speed, salinity, and percent silt/clay. In the inset table, multiple partial correlations are given for the four 
variables retained in the model. The blue vector overlays correspond to the multiple partial correlations of each 
variable.
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Figure 1.6: Boxplot of environmental parameters for each group, including current speed (m s-1), bottom-water 
salinity, percent silt/clay (%), CPE for the upper 10 cm of sediment (ug cm-2), and chl-a:phaeo, TN (mg cm-2), C:N, 
and δ13C (‰) for the upper 1 cm of sediment from the northern Bering and southern Chukchi seas in 2017 and 2018. 
The middle horizontal line of the boxplot represents the median; the upper and lower horizontal lines represent the 
first and third quartiles, respectively; and the bottom and top of the vertical lines represent the minimum and maximum 
values, respectively, excluding outliers identified as dots. Groups based on hierarchical agglomerative clustering with 
group-averaged linkage on 4th root transformed polychaete functional guild abundances and Bray-Curtis similarity.
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Figure 1.7: (a) Mean and (b) standard deviation of current speeds (m s-1) in 2011 for the upper 50 m of the water 
column in the northern Bering and southern Chukchi seas, extracted from the Pan-Arctic Regional Ocean Modeling 
System (PAROMS) sea ice and ocean circulation model. Blue dots indicate macrofaunal sampling stations.
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Figure 1.8: Conceptual model of environmental conditions, benthic community characteristics, and ecosystem 
function inferences of each benthic “eco-region.” Groups (“eco-regions”) based on hierarchical agglomerative 
clustering with group-averaged linkage on 4th root transformed polychaete functional guild abundances and Bray- 
Curtis similarity from Figure 1.2, from the northern Bering and southern Chukchi seas in 2017 and 2018.
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Supplemental Tables

Supplemental Table 1.1: Average macrofauna abundances (ind. m-2 ± standard deviation) for 0-1 cm, 1-5 cm, and 5
10 cm sediment layers from samples collected in the northern Bering and southern Chukchi seas in 2017 and 2018.

Station Year 0-1 cm 1-5 cm 5-10 cm
CBE3 2017 - - -

2018 - - -
CL1 2017 8913 ± 2341 7830 ± 990 891 ± 337

2018 12223 ± 4190 7555 ± 1974 1528 ± 1088
CL3 2017 5220 ± 720 7448 ± 630 467 ± 74

2018 6069 ± 3658 6451 ± 746 1103 ± 194
CNL3 2017 19862 ± 8103 5284 ± 2071 1146 ± 1441

2018 5814 ± 972 8913 ± 2021 2801 ± 2816
CNL5 2017 - - -

2018 3650 ± 1021 5432 ± 588 1146 ± 709
CPL8 2017 21645 14642 7894

2018 - - -
DBO2.2 2017 13178 ± 4592 12223 ± 4682 828 ± 810

2018 15279 ± 8643 6684 ± 4412 1337 ± 270
DBO2.3 2017 11395 ± 990 9804 ± 2161 1719 ± 90

2018 - - -
DBO2.4 2017 3119 ± 630 3247 ± 90 1103 ± 701

2018 3565 ± 1621 1592 ± 630 191 ± 90
DBO3.3 2017 11586 ± 720 10122 ± 6932 1114 ± 225

2018 7894 ± 459 7682 ± 1155 1867 ± 1476
DBO3.6 2017 5475 ± 3061 21900 ± 7203 1082 ± 90

2018 1995 ± 574 8064 ± 5253 934 ± 389
DBO3.8 2017 3183 ± 180 12987 ± 4502 1401 ± 180

2018 2228 ± 450 7130 ± 0 2165 ± 180
IL2 2017 16425 ± 1801 4966 ± 2701 764 ± 662

2018 - - -
IL4 2017 17889 ± 990 12732 ± 3241 2706 ± 1756

2018 3692 ± 709 7215±3130 2928 ± 1254
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Supplemental Table 1.2: Average macrofaunal biomass (g m-2 ± standard deviation) for 0-1 cm, 1-5 cm, and 5-10 cm 
sediment layers from samples collected in the northern Bering and southern Chukchi seas in 2017 and 2018.

Station Year 0-1 cm 1-5 cm 5-10 cm
CBE3 2017 - - -

2018 6 ± 5 127 ± 110 338 ± 402
CL1 2017 52 ± 71 49 ± 58 2 ± 1

2018 17 ± 11 22 ± 11 8 ± 6
CL3 2017 134 ± 181 125 ± 135 4 ± 15

2018 327 ± 201 337 ± 25 16 ± 16
CNL3 2017 1492 ± 1589 905 ± 97 9 ± 7

2018 15 ± 12 1479 ± 547 358 ± 347
CNL5 2017 - - -

2018 153 ± 243 680 ± 882 589 ± 598
CPL8 2017 43 183 34

2018 - - -
DBO2.2 2017 63 ± 19 165 ± 125 252 ± 113

2018 49 ± 2 113 ± 67 93 ± 131
DBO2.3 2017 22 ± 1 172 ± 13 49 ± 12

2018 - - -
DBO2.4 2017 0.5 ± 0.2 157 ± 120 357 ± 504

2018 40 ± 54 285 ± 327 43 ± 16
DBO3.3 2017 54 ± 71 9 ± 2 52 ± 29

2018 212 ± 148 46 ± 12 41 ± 31
DBO3.6 2017 11 ± 12 333 ± 79 1097 ± 342

2018 7 ± 6 122 ± 142 246 ± 269
DBO3.8 2017 2 ± 1 401 ± 219 996 ± 615

2018 9 ± 12 96 ± 101 1876 ± 1146
IL2 2017 313 ± 329 10 ± 3 9 ± 5

2018 - - -
IL4 2017 6 ± 5 4 ± 2 9 ± 9

2018 1 ± 0.1 3 ± 1 13 ± 9
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Supplemental Table 1.3: Similarity Percentages (SIMPER) polychaete functional guild percentage contributions to 
dissimilarity between groups (%) with a 70% cut-off for low contributions and average group abundance of 4th-root 
transformed data. Average group dissimilarity in parenthesis next to group name. Groups based hierarchical 
agglomerative clustering with group-averaged linkage on 4th root transformed polychaete functional guild abundances 
and Bray-Curtis similarity, from the northern Bering and southern Chukchi seas in 2017 and 2018.

Groups A & B (35.90) Group Avg abund Group B avg abund Contribution %
I(S/B)M(B)N 6.81 1.81 12.81
I(S)D(T)T 5.51 0.59 12.44
A(C)M(B∕C)P 2.25 6.80 11.82
A(C)M(B∕C∕S)P 1.21 3.75 7.17
I(S∕B)M(B)T 1.90 4.39 6.54
Group A & C (48.16) Group A Group C Contribution %
I(S∕B)M(B)N 6.81 0.00 14.08
I(S)D(B)T 0.00 4.61 9.49
I(S)D(T)T 5.51 1.25 8.68
I(B)D(T)N 4.61 0.60 8.34
A(C)M(B∕C∕S)P 1.21 5.04 8.00
Group A & D (38.55) Group A Group D Contribution %
I(B)M(B)P 0.00 5.84 13.18
I(S∕B)M(B)T 1.90 6.62 10.65
I(S∕B)M(B)N 6.81 2.29 10.40
I(S)D(T)T 5.51 1.62 8.82
I(B)D(T)N 4.61 1.65 6.97
Group B & C (33.70) Group B Group C Contribution %
A(C)M(B∕C)P 6.80 3.54 10.37
I(S)D(B)T 1.34 4.61 9.80
I(B)M(B)P 0.00 3.23 9.64
I(B)D(T)N 3.80 0.60 9.48
I(B)M(B)N 7.46 4.77 8.19
Group B & D (34.41) Group B Group D Contribution %
I(B)M(B)P 0.00 5.84 14.98
A(C)M(B∕C)P 6.80 3.25 9.42
I(F)S(T)T 0.71 3.37 7.02
I(S∕B)M(B)T 4.39 6.62 6.20
I(B)D(T)T 2.69 0.65 6.19
Group C & D (31.95) Group C Group D Contribution %
I(S∕B)M(B)T 3.21 6.62 10.53
I(B)M(B)P 3.23 5.84 9.45
I(F)S(T)T 0.35 3.37 9.10
I(S)D(B)T 4.61 2.25 8.21
I(S∕B)M(B)N 0.00 2.29 6.87
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Chapter 2: Meiofaunal community structure in Pacific Arctic shelf sediments: a 

comparison of meiofaunal- and macrofaunal-sized nematodes and functional traits2

2 Charrier BR, Ingels J, Danielson SL, Mincks SL. Meiofauna community structure in Pacific Arctic shelf sediment: 
a comparison of meiofaunal- and macrofaunal-sized nematodes and functional traits. In preparation

Abstract

Meiofauna perform essential roles in benthic ecosystems, such as nutrient and carbon 

cycling, and serve as bioindicators of environmental change. Sediment samples for meiofauna 

were collected at ten stations in the northern Bering and southern Chukchi seas in June 2018 for 

the Arctic Shelf Growth, Advection, Respiration, and Deposition (ASGARD) project. We 

characterized meiofauna (63-500 μm) community structure and abundance at higher taxonomic 

levels and evaluated genus-level nematode composition in meiofaunal (63-500 μm) and 

macrofaunal (>500 μm) size fractions. Nematodes were classified by feeding type and life-history 

strategies. Total meiofauna abundance was 1,449-12,875 ind. 10 cm-2, and nematode biomass was 

373-2,325 μg DW 10 cm-2 for the upper 5 cm of sediment. Four clusters of meiofaunal-sized 

nematode communities were identified occupying different regions of the Pacific Arctic. These 

subregions reflected food availability and substrate type, suggesting they should be separately 

considered when assessing climate change impacts and enhancing ecosystem models. 

Additionally, the meiofaunal- and macrofaunal-sized nematodes represented two distinct 

communities. The unique taxonomic composition and large standing stock of the macrofaunal

sized nematodes (22 ± 15% of total nematode biomass) suggest they are critical components of the 

infauna and merit more in-depth research to consider the ecological roles they play, including 

benthic carbon cycling. This study provides the first genus-level characterization of nematodes in 

the region and is among the first measurements of meiofauna standing stock. Thus, the data 
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presented here can serve as a baseline for assessing ecosystem shifts in a rapidly changing Arctic 

environment.

Introduction

Meiofauna play critical roles in ecosystem functioning (reviewed by Schratzberger and 

Ingels 2017), including carbon and nutrient cycling (Coull 1999; Rysgaard et al. 2000; Bonaglia 

et al. 2014), linking microbial and upper-trophic levels of the food web (Gee 1989; Coull 1990; 

Kennedy 1994), and serving as bioindicators of environmental change (Ridall and Ingels 2021). 

Tight pelagic-benthic coupling on Arctic shelves supplies substantial inputs of phytodetritus to the 

benthos (Grebmeier and McRoy 1989; Grebmeier and Barry 1991) and has been correlated with 

abundant meiofauna communities (Górska et al. 2014). Important sources of organic matter (OM) 

include phytoplankton, ice algae production, other sources of ice-derived OM, such as bacteria 

and meiofauna (North et al. 2014; Makela et al. 2018; Gradinger and Bluhm 2020), and likely 

terrestrial material delivered via riverine input and coastal erosion (Belicka and Harvey 2009; 

Zinkann et al. 2022). This tight pelagic-benthic coupling also sustains high macrofaunal biomass 

on the Pacific-Arctic shelf (Grebmeier et al. 2015). However, the meiobenthos remains poorly 

studied and has been identified as a critical data gap in the region, especially for constraining 

ecosystem models (Nelson et al. 2014; Lovvorn et al. 2016).

Only a handful of meiofaunal studies have been conducted in the Pacific Arctic. One study 

quantified the abundance and distribution of meiofauna in the Chukchi Sea (Lin et al. 2014) but 

only identified specimens to higher taxonomic levels (e.g., phylum and class). Community 

composition and functional diversity of nematodes were not resolved any further, even though 

nematodes accounted for 96.6% of total meiofauna abundance in the shallow shelf region. 
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Additionally, meiofaunal abundance and biomass were quantified in the Northeast Chukchi Sea 

(Hajduk 2015), and nematode community structure and function were assessed (Mincks et al. 

2021). High variability in meiofauna community structure and biomass was detected, driven by 

spatial and temporal environmental heterogeneity. These earlier studies pointed to a need to further 

explore functional diversity in the meiofauna, particularly in the context of rapid environmental 

change manifesting as unprecedented high temperatures and low sea-ice persistence (Grebmeier 

et al. 2018; Huntington et al. 2020; Baker et al. 2020b). A comprehensive assessment of regional 

patterns in the structure and function of benthic communities is essential to assess how benthos 

will respond to continuing changes in distinct Arctic marine settings.

Nematodes are generally the most abundant metazoan meiofaunal taxon in marine 

sediments. Functional traits are reasonably well described for nematode genera, including feeding 

types and life-history strategies (Wieser 1953; Bongers et al. 1991). Consequently, nematode 

communities are valuable in assessing ecosystem function (Schratzberger and Ingels 2018) and 

provide insights into ecological and biogeochemical processes occurring in the benthic ecosystem, 

such as food availability, hydrodynamic conditions, and sediment biogeochemistry (e.g., Gunton 

et al. 2017; Ingels et al. 2011b; Román et al. 2018).

While meiofauna, and nematodes in particular, are well-known to reflect environmental 

conditions and ecosystem processes, macrofaunal-sized nematodes are often ignored in infaunal 

studies. Standardized sieve sizes operationally define meiofauna as individuals that pass through 

an upper mesh of 300-1,000 μm and are retained on a lower 32-63 μm mesh (Giere 2009). The 

separation between these size fractions aligns with a trough in the bimodal size distribution of 

benthic infaunal metazoans, which corresponds to a shift in optimum life-history strategy from 

small meiofaunal organisms living interstitially within the sediment to large macrofaunal 
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organisms capable of actively manipulating the sediment matrix (Warwick 1984). Thus, 

macrofaunal-sized nematodes are excluded from meiofaunal studies due to their large size and 

ignored in macrofaunal studies because they are not considered macrofaunal taxa sensu stricto and 

require meiofaunal taxonomic expertise. However, macrofaunal-sized nematodes exhibit distinct 

assemblage structure and functional diversity relative to meiofaunal nematodes (Sharma et al. 

2011; Baldrighi and Manini 2015) and can contribute substantially to macrofaunal abundance 

(Baldrighi and Manini 2015; Gunton et al. 2017).

Our goal was to improve understanding of benthic community structure and function in the 

Pacific-Arctic region by examining the meiofauna, which have previously been ignored in this 

region. We characterized spatial variability of meiofauna communities and environmental settings 

on the northern Bering Sea and southern Chukchi Sea shelves by quantifying abundance and 

composition of total meiofauna. We also quantified genera diversity, biomass, and functional traits 

(as reflected by feeding mode and life-history strategy) in meiofaunal- and macrofaunal-sized 

nematodes in surface sediments, testing the hypothesis that the nematode community structure 

differed between the two size fractions. We then estimated the contribution of macrofaunal-sized 

nematodes to total macrofaunal standing stock and considered whether critical information may 

be lost when they are excluded from benthic research. This study provides the first genus-level 

characterization and biomass estimates of nematodes in this region and highlights the urgency of 

conducting more detailed benthic studies that can enhance investigations into climate change 

consequences in the Arctic.
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Methods

Study area and sampling

Meiofauna samples were collected from the northern Bering and southern Chukchi seas in 

June 2018 from the R/V Sikuliaq as part of the Arctic Shelf Growth, Advection, Respiration, and 

Deposition (ASGARD) project (Baker et al. 2020a; Table 2.1; Figure 2.1). This shallow shelf area 

is seasonally ice-covered and influenced by distinct water masses. Cold, nutrient-rich Bering 

Shelf-Anadyr Water (BSAW) experiences water column mixing that enhances primary 

productivity as currents accelerate through the Bering Strait constriction (Walsh et al. 1989; 

Danielson et al. 2017). As the BSAW fans out over the Chukchi Sea shelf, the current speed 

declines resulting in high deposition of suspended particulate material to the seafloor (Grebmeier 

et al. 2015). In contrast, the warm, nutrient-poor Alaska Coastal Water, generally located to the 

east, is characterized by low pelagic production and high terrestrial input (Danielson et al. 2017).

Intact sediment cores with undisturbed surfaces were retrieved from ten stations using an 

MC-800 multi-corer with 10-cm internal diameter tubes (Ocean Instruments, San Diego, USA). 

Sampling stations ranged from 39 to 58 m water depth (Table 2.1). One core from each station 

was selected for meiofauna sampling. The cores were sectioned into 1-cm depth intervals down to 

5 cm and were preserved in 10% buffered formalin.

Meiofauna analysis

Meiofauna were separated from the preserved sediment samples using a decantation 

method (Creer et al., 2010), whereby samples were washed over a 63-μm sieve, transferred to 70% 

isopropanol, and stained with Rose Bengal. Prior to sorting, an upper sieve with a 500-μm mesh 

size was used to separate macrofaunal- (>500 μm) from meiofaunal-sized (63-500 μm) specimens. 
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All nematodes were counted from the >500 μm samples for each sediment depth. From the surface 

sediment layers (0-1 cm) of the >500 μm samples, the first 120 nematodes were picked out for 

further taxonomic identification and biomass estimation. All nematodes were identified if there 

were fewer than 120 individuals.

The 63-500 μm samples were split using a Wet Sample Divider (WSD-10, McLane 

Research Laboratories, Massachusetts, USA), and 10% of each sediment layer was processed for 

abundance of metazoan meiofauna identified to higher taxonomic levels (i.e., phylum, class; Giere 

2009; Higgins and Theil 1988). For surface sediment layers (0-1 cm), 100-150 nematodes were 

randomly selected for genus-level identification and biomass estimation using a random number 

table and a gridded petri dish. This number of individuals generally reflects the composition of the 

whole nematode community (Soetaert and Heip 1990), allowing for greater efficiency in 

taxonomic analysis.

The selected meiofaunal- (N = 1,124) and macrofaunal-sized (N = 483) nematodes were 

transferred to anhydrous glycerin using a glycerol-isopropanol-water solution and evaporated 

overnight in a drying oven at 50°C (Seinhorst 1959). Nematodes were then mounted on glass slides 

and identified to genus under a compound microscope using pictorial keys (Platt and Warwick 

1988) and the Nemys database (Bezerra et al. 2021). Genus-level identification is effective in 

detecting ecological significance (Somerfield and Clarke 1995). Specimens that could not be 

identified to genus level were assigned to family.

Length and width of each mounted nematode were measured using a compound 

microscope and imaging software. Nematode wet weight (μg) was calculated using the equation 

(L *W2)∕(1.5 *106), where L is length (μm), and W is the maximum body diameter (μm). This 

equation is adapted from Andrassy (1956), assuming a specific gravity of 1.13 g cm-3 for marine 
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nematodes (Pape et al. 2013; Ingels et al. 2013). Wet weight was converted to dry weight using a 

dry-to-wet weight ratio of 0.25 (Heip et al. 1985) and to carbon weight using a carbon-to-wet 

weight ratio of 0.124 (Jensen 1984).

Nematode functional traits were characterized in terms of feeding type and life-history 

strategy. The feeding type of each nematode was assigned based on their buccal cavity morphology 

as classified by Wieser (1953): selective deposit feeder (1A), non-selective deposit feeder (1B), 

epistratum feeder (2A), and predators∕scavengers or omnivores (2B). Each nematode was also 

assigned a life-history strategy based on c-p scores on a scale ranging from 1 (colonizer with short 

generation times and rapid reproductive rates) to 5 (persister with long generation times and slow 

reproductive rates), based on Bongers (1990) and Bongers et al. (1991, 1995).

Environmental variables

Detailed methods for all environmental data collection and analysis are presented in 

Chapter 1. Temperature (°C) and salinity data were collected using R/V Sikuliaq's Sea-Bird 9/11 

CTD system, calibrated by the manufacturer prior to each field season, and averaged into 1-decibar 

bins. Calibrated Sea-Bird CTD temperature and salinity sensor data are typically better than ± 0.01 

in accuracy and ± 0.001 in precision. Average near-bottom water temperature of sampling stations 

was 1.15°C ± 0.93°C (ranging from -0.6°C to 2.4°C), and average near-bottom water salinity was 

32.5 ± 0.3 (ranging from 31.9 to 33.0).

Sediment cores were collected from multi-core deployments at each station to analyze 

sediment grain-size characteristics (N = 1 core) and OM content (N = 3 cores; except at DBO2.4, 

N = 2 cores). Briefly, grain size analysis was conducted using a subsample of the upper 5 cm of 

sediment. Samples were suspended in dispersant and then separated into size fractions using a 
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combination of wet and dry sieving. The <63-μm (silt∕clay) fraction was treated with 30% 

hydrogen peroxide to remove OM prior to final weighing. Mean phi was calculated with the Grain 

Size Distribution and Statistics (GRADISTAT v.8.0) package (Blott and Pye 2001; Blott 2010). 

Percent silt∕clay, percent sand, and porosity (water content : total sediment wet weight) were 

included in data analysis.

OM was measured as chloropigment content, total organic carbon (TOC), total nitrogen 

(TN), and carbon to nitrogen ratio (C:N). Stable carbon isotope ratio (δ13C) was also measured as 

a proxy of carbon source. For these analyses, cores were sectioned in 0-1, 1-2, 2-3, 3-4, 4-5, 5-7, 

and 7-10 cm layers. Chloropigments were extracted in 100% acetone and analyzed as in Chapter 

1, using a TD-700 fluorometer (Turner Designs, San Jose, CA, USA). Fluorescence was converted 

to concentration units based on a standard curve (adapted from Arar and Collins, 1997) produced 

using a chlorophyll-a standard (spinach extract C5753, Sigma-Aldrich). Each sediment sample 

was extracted twice, and the amount of chlorophyll yielded from each extraction was summed. 

Sediment chlorophyll parameters measured included chlorophyll-a (chl-a), phaeopigment (phaeo), 

chloroplastic pigment equivalent (CPE; chl-a + phaeo) inventories (μg cm-2), and chl-a:phaeo ratio.

Stable carbon isotope ratio (δ13C), TOC (mg cm-2), and TN (mg cm-2) were analyzed at the 

Alaska Stable Isotope Facility at the University of Alaska Fairbanks Water & Environmental 

Research Center. Stable isotope data were obtained by continuous-flow isotope ratio mass 

spectrometry, utilizing a Thermo Scientific Flash 2000 elemental analyzer and Thermo Scientific 

Conflo IV interfaced with a Thermo Scientific DeltaV Plus Mass Spectrometer. Stable isotope 

ratios were reported in δ notation as parts per thousand (‰) deviation from the international 

standard Vienna Pee Dee Belemnite (VPDB; carbon). Typically, instrument precision is <0.2 ‰.
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The Pan-Arctic Regional Ocean Modeling System (PAROMS) 3-D sea ice and ocean 

circulation model was used to hindcast ocean current speed. PAROMS is configured with a 

horizontal resolution of about 5 km in our study region and 50 layers vertically through the water 

column. For complete model descriptions and data-model comparisons, see Curchitser et al. (2018) 

and Danielson et al. (2020). Based on a PAROMS hindcast integration of year 2011, we computed 

the mean and standard deviation of the current speeds (m s-1) over the upper 50 m of the water 

column (or to the seafloor where shallower) based on hourly snapshots of the flow field.

Data analysis

Multivariate analyses of community structure were conducted in PRIMER v7 (Clarke and 

Gorley 2015) with the PERMANOVA+ add-on (Anderson and Gorley 2008). Bray-Curtis 

similarity matrices were calculated on log(x+1) transformed data based on shade plots and displayed 

on non-metric multi-dimensional scaling (nMDS) plots to visualize similarities among samples. 

Samples with similar taxonomic composition were identified using hierarchical agglomerative 

clustering with group-average linking. A similarity profile (SIMPROF) procedure was used to 

delineate statistically significant groupings. Similarity percentage (SIMPER) analyses were 

conducted to identify genera contributing most to similarities within and dissimilarities between 

station groupings.

Relationships between meiofaunal-sized nematode community structure, environmental 

variables, and surface layer sediment variables were examined using a distance-based linear model 

(DistLM) with a stepwise selection criterion based on adjusted R2, followed by distance-based 

redundancy analysis (dbRDA). After examining histograms, current speed was log-transformed. 

All environmental data were normalized. Variables were removed prior to the analysis due to 
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multicollinearity determined by Pearson's correlation coefficients (>0.8), including mean phi, 

percent sand, porosity, chl-a, TOC, and C:N. Variables allowed in model selection included depth, 

temperature, salinity, current speed, percent silt/clay, and surface sediment layer CPE, chl-a:phaeo, 

phaeo, TN, and δ13C.

The RELATE routine was used to calculate a Spearman rank correlation coefficient 

between the Bray-Curtis similarity matrices for meiofaunal- and macrofaunal-sized nematode 

communities. Similarity matrices were constructed using log(x+1)-transformed relative abundance 

data, because the abundances of the two size fractions differed by orders of magnitude. Analysis 

of similarities (ANOSIM) was performed to test for differences in community composition 

between the two size fractions.

Univariate descriptors of nematode diversity were calculated in PRIMER. Hill's numbers 

(H0, H1, H2, and H∞; Heip et al. 1998; Hill 1973), Pielou's evenness (J'), Shannon-Wiener diversity 

index (H'), and expected number of genera for 51 individuals (EG(51)) were calculated. The 

trophic diversity index (TDI) was calculated as the reciprocal of the trophic index (Heip et al. 

1998; Ingels and Vanreusel 2013). The maturity index (MI) was calculated as the sum of the 

products of the relative proportion of each genus and their c-p score (Bongers 1990; Bongers et al. 

1991; Ingels and Vanreusel 2013).

Results

Metazoan meiofauna

Total meiofauna abundance (63-500 μm) was 1.7 to 8.9 times higher at the most northern 

station (CL3) than at the other stations, due mainly to a large abundance of small nematodes in the 

surface layer of sediment (Table 2.1; Supplemental Table 2.1; Figure 2.2). The central, offshore 
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Chukchi Sea stations (DBO3.6 and DBO3.8) also had high meiofauna abundance (Table 2.1; 

Figure 2.2). The lowest abundances occurred at the stations immediately north of the Bering Strait 

(CNL3 and CNL5) and off the coast of Point Hope, Alaska (DBO3.3), which had high current 

speeds.

Nematodes were the most abundant taxon at all stations and accounted for 88 ± 14% (mean 

± standard deviation; ranging from 49% at DBO2.4 to 98% at DBO3.8) of total meiofauna 

abundance (Table 2.1; Supplemental Table 2.1; Figure 2.2). Nauplii (6%) was the second most 

abundant group, followed by copepods (4%), bivalves (0.6%), kinorhynchs (0.4%), polychaetes 

(0.4%), and ostracods (0.4%). Kinorhynchs were only found at the four coastal Chukchi Sea 

stations (CL1, CL3, DBO3.3, and IL4), while ostracods were only found at the two central Chukchi 

Sea stations (DBO3.6 and DBO3.8). Nauplii abundance at DBO2.4 was 4.8 to 1,073 times higher 

than at the other stations (Supplemental Table 2.1; Figure 2.2). Despite the differences in 

composition among stations, no significant spatial pattern in meiofauna higher-taxa community 

structure was observed (π = 0.98, p = 0.22).

Meiofaunal-sized nematodes (63-500 μm)

Nematode community composition in the upper 1 cm of sediment significantly differed 

among four groups of stations (Figure 2.3). Group A included stations south of the Bering Strait, 

CNL 3 immediately north of the Strait was distinct (Group B), Group C was composed of three 

southern Chukchi Sea stations, and Group D contained the coastal Chukchi Sea stations (Figure 

2.1, Figure 2.3).

Abundance patterns down the vertical sediment profile differed noticeably between these 

groups, with maximum abundance at the sediment surface and rapid down-core declines in Groups 
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A and D and subsurface peaks for Groups B and C (Figure 2.4). Consequently, the surface (0-1 

cm) abundance and biomass were highest in Groups A and D and low for Groups B and C (Figure 

2.5). The very high average abundance in Group D was heavily influenced by station CL3 (~7,000 

ind. 10 cm-2 in the surface layer). This group was also dominated by small-sized nematodes, 

resulting in biomass values similar to Group A despite the substantial difference in abundance.

Within-group similarity in community structure was driven not only by dominant taxa but 

also by less-abundant genera (Table 2.2; Supplemental Table 2.2; Figure 2.6), suggesting that rarer 

taxa may also provide insight into the drivers of community structure. Some genera were highly 

abundant across multiple station groups. For instance, Daptonema was one of the top two most 

abundant genera in Groups A, B, and C (Table 2.2; results for each station presented in 

Supplemental Table 2.3). In Group C, genera that contributed most to within-group similarity were 

Daptonema, Sabatieria, and Paramonohystera (Supplemental Table 2.2). Daptonema and 

Paramonohystera also contributed to within-group similarity in Group A, along with 

Neochromadora and Oncholaimus. Within-group similarity in Group D was mainly attributed to 

Paramonohystera, Terschellingia, Tricoma, and Microlaimus. Group B only contained one 

station, so a SIMPER analysis could not be performed for this group.

The dominant feeding type in Groups A, B, and C was non-selective deposit feeders (1B), 

e.g., the Xyalidae family (including Daptonema and Paramonohystera) and Sabatieria (Table 2.3; 

results for each station presented in Supplemental Table 2.4). These non-selective deposit feeders 

were particularly abundant in Group C, accounting for nearly 80% of total abundance. On the other 

hand, the muddier coastal sites of Group D were dominated by selective deposit feeders (1A), 

including genera such as Halalaimus, Tricoma, and Terschellingia. The relative abundance of 

predators/scavengers (2B), e.g., Oncholaimus and Viscosia, was generally low (<3%), except in 
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Group A, where almost 20% of individuals fell in this category. Group A exhibited the highest 

trophic diversity, with individuals more evenly distributed among feeding types (Table 2.3). 

Interestingly, taxonomic diversity in Group A was comparable to the other groups, demonstrating 

the importance of assessing both taxonomy and functional diversity.

General opportunists (c-p score = 2) were dominant in all groups (Table 2.3), particularly 

in Groups B (66.3%; e.g., Sabatieria, Daptonema, Paramonohystera) and C (80.7%; e.g., 

Daptonema and Paramonohystera), which had the lowest maturity indices. Higher maturity 

indices in Groups A and D reflected a relatively large number of persisters (>20%; c-p score = 4), 

e.g., Halalaimus and Tricoma, compared to Groups B and C (<7%).

Environmental correlates of nematode assemblages

The selected DistLM model for meiofaunal-sized nematode communities in surface 

sediments accounted for 96.97% of total variation in community structure and included δ13C, chl- 

a:phaeo, current speed, percent silt∕clay, salinity, depth, TN, and phaeo (Figures 2.7 and 2.8; 

environmental data for each station presented in Supplemental Table 2.5). Many of these 

parameters (e.g., δ13C, chl-a:phaeo, TN) suggest the freshness of OM was an important correlate 

of nematode community structure in this region. The first dbRDA axis was most positively 

correlated with chl-a:phaeo and negatively correlated with salinity and depth. The second dbRDA 

axis was positively correlated with δ13C and negatively correlated with salinity and TN. Some of 

the selected environmental predictors were highly correlated (Pearson's correlation coefficients 

>0.8) with other parameters not included in the model selection. The parameter δ13C was correlated 

with C:N, chl-a:phaeo with chl-a, TN with TOC, and percent silt∕clay with mean phi, percent sand, 

porosity, and TOC.

79



Groups C and D separated from each other along the first dbRDA axis, with higher chl- 

a:phaeo, lower salinity, and muddier sediments in Group D (Figure 2.7). Groups A and B fell 

between Groups C and D along the first axis, but with a clear separation between Group A and the 

other groups along the second dbRDA axis, with mainly higher δ13C values, sandier sediment, and 

lower TN.

Macrofaunal-sized nematodes (>500 μm)

Macrofaunal-sized nematodes (>500 μm) contributed a small amount to total nematode 

abundance in the upper 5 cm of the sediment (1.6 ± 1.2%; 16 to 110 ind. 10 cm-2) but a considerable 

amount to total nematode biomass (22 ± 15%; Figure 2.5), ranging from 6% of nematode biomass 

at CL3 to 55% at DBO3.3. Macrofaunal-sized nematode community structure showed no 

significant spatial pattern (π = 1.7, p = 0.651; Supplemental Figure 2.1) but was distinct from that 

of the meiofaunal-sized nematodes (ANOSIM R = 0.356, p = 0.0002; Figure 2.9). However, spatial 

patterns in taxonomic composition between meiofaunal- and macrofaunal-sized nematodes were 

significantly related (RELATE test: rho = 0.37, p = 0.0095), indicating that while taxonomic 

composition differed between the two assemblages, they followed similar spatial patterns among 

stations.

The most abundant macrofaunal-sized nematode genus at most stations was either 

Paramonohystera or Sabatieria, except at Stations DBO2.2 (Cephalanticoma and Mesacanthion) 

and CL1 (Setosabatiera; Supplemental Table 2.6). Paramonohystera was generally dominant at 

northern stations, while Sabatieria was dominant at the southern Chukchi Sea stations and DBO2.4 

(Table 2.2; Supplemental Table 2.6).
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Of the 67 genera recovered in the meiofaunal size fraction, 45 were not found in the larger 

fraction, including Neochromadora and Tricoma, which along with other abundant genera, 

contributed to dissimilarity between the two size fractions. Ten genera were only found in the >500 

μm size fraction, including Ledovitia, Mesacanthion, Symplocostoma, and Thalassoalaimus, and 

were mainly predators/scavengers (2B) or had high c-p scores (3 or 4).

Trophic diversity for the macrofaunal nematodes was lower than that of the meiofaunal 

nematode assemblages at all stations except CNL5 (Supplemental Table 2.4). However, as with 

the meiofaunal size fraction, non-selective deposit feeders (1B) were the dominant feeding type 

except at DBO2.2, where predators/scavengers dominated (2B). Predators/scavengers were also 

abundant north of the Bering Strait (CNL3 and CNL5) and at DBO3.3. At many sites, especially 

in Group D, the maturity index was lower in the macrofaunal size fraction than the smaller size 

fraction (Supplemental Table 2.4) and can be attributed to the high relative abundance of general 

opportunists (c-p score = 2), such as Paramonohystera and Sabatieria. Station DBO2.2 also had a 

high abundance of c-p scores = 3 and 4.

Discussion

This study is among the first meiobenthic studies in the Pacific Arctic. The most northern 

portion of our study area overlapped with that of a previous study, which presented meiofauna 

(>32 μm) abundance estimates (~1,200 to 4,900 ind. 10 cm-2) down to 10 cm depth (Lin et al., 

2014). The reported abundances were on average lower than our values of ~1,500 to 12,000 ind. 

10 cm-2 for the upper 5 cm, but with similarly high variability among stations. These differences 

may be due to temporal changes in meiofaunal standing stock over the eight years between 

sampling events, seasonal differences (June sampling versus July to September sampling), or 
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small-scale spatial variability. Although nematodes accounted for 96.6% of total meiofauna 

abundance at shallow stations, the taxonomic and functional diversity of nematodes was not 

assessed in this earlier work (Lin et al. 2014).

Further north in the Northeast Chukchi Sea, meiofaunal abundance in surface sediments 

(0-1 cm) was measured as ~90 to 1,300 ind. 10 cm-2, with nematodes accounting for 80.6 to 88% 

of meiofauna abundance (Hajduk 2015). We observed higher abundances with 351 to 7,322 ind. 

10 cm-2 in the surface sediments. This study used the same sieve sizes; however, other 

methodological differences, including sample collection (multi-core versus van Veen grab) and 

extraction method (decantation versus Ludox extraction), may have influenced the different 

results.

Four spatially distinct assemblages of meiofaunal nematodes

Our study provides the first genus-level characterization and biomass estimates of 

nematodes in the northern Bering and southern Chukchi seas. While no significant spatial patterns 

were detected in meiofauna at the phylum/class level, patterns emerged through higher-resolution 

analysis of the nematodes identified to genus, demonstrating the value of meiofaunal studies for 

elucidating ecological patterns. Previous studies have shown that patterns of ecological impact are 

robust at the species and genus level but are altered at higher levels of taxonomic aggregation 

(Somerfield and Clarke 1995). We recovered four distinct communities of meiofaunal nematodes, 

occupying different regions of the study area associated with distinct local environmental 

conditions:

Group A comprised the Bering Sea shelf stations (DBO2.2 and DBO2.4) within the 

Chirikov Basin, characterized by sandy sediment and low amounts of labile OM. The Chirikov 

82



Basin experiences moderate flow speeds, resulting in low sedimentation rates (Grebmeier 1993; 

Lovvorn et al. 2020). Notably in this group, the abundance of nauplii at DBO2.4 was nearly five 

times higher than at any other station, suggesting a recent recruitment event, potentially in response 

to a pulse of OM following the retreat of the sea-ice edge and subsequent spring bloom. The 

nematode assemblage in Group A showed high abundance, biomass, trophic diversity, and 

maturity index indicative of a diverse community supported by a labile food source at the sediment 

surface or associated with suspended material. The high maturity index is a reflection in part of 

the high abundance of more persistent predators/scavengers in the assemblage (2B; e.g., 

Oncholaimus and Viscosia; in both the meiofauna (18%) and macrofauna (~30-55%) size 

fractions), which are supported by the high abundance of metazoan prey. However, while these 

sites had high abundance and biomass of relatively large-bodied taxa, most of the nematodes were 

concentrated in the upper 1 cm of sediment, and abundance declined rapidly with sediment depth. 

This rapid decline in abundance may be due to low food availability below the surface layer of 

sediment in this advective system, likely supported by suspended material. In food-poor 

environments, nematodes concentrate in surface sediments where food availability is higher 

(Lambshead et al. 1995; Górska et al. 2014) or exhibit a vertical migratory response to recent OM 

deposition to gain access to the newly deposited food. In the Northeast Chukchi and Beaufort seas, 

these genera and feeding types were also more abundant at sandy nearshore sites compared to other 

habitats (Mincks et al. 2021). This pattern further suggests a generally food-limited habitat, where 

the facultative feeding strategy of the 2B group and their greater mobility are advantageous 

(Sharma and Bluhm 2010; Baldrighi and Manini 2015).

Group B was comprised of a single station (CNL3) immediately north of the Bering Strait. 

CNL3 and the station off the coast of Point Hope (DBO3.3; Group D) were the only sites with 
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gravel (0.9% and 32%, respectively), suggesting these stations experience hydrodynamic 

disturbance, such as scouring from strong currents, particularly at DBO3.3, where currents 

accelerate as they curve around Point Hope. Gravel may also indicate deposition of ice-rafted 

debris or ice scouring, which might occur at DBO3.3, where there was also a high portion of 

silt∕clay particles (38%). Station CNL3 is influenced by the constriction of water masses moving 

through the Bering Strait and the deepening topography as the shallow Strait opens onto the 

Chukchi Sea shelf. Such disturbances usually reduce meiofaunal abundance, as found in other 

hydrodynamically active areas, such as canyons (Garcia et al. 2007; Ingels et al. 2013).

The nematode community composition and functional traits at CNL3 also point to a 

disturbed environment. CNL3 was dominated by non-selective deposit feeders (56%) and general 

opportunists (c-p score = 2), including Sabatieria, Daptonema, and Paramonohystera. Sabatieria 

was the most numerous genus at CNL3 (25%) and is often abundant in disturbed areas, 

hydrodynamically active sites, or sediments generally under stressed environmental conditions, 

such as low oxygen concentration (Ingels et al. 2011a, 2011b; Mincks et al. 2021). The location 

downstream of the Bering Strait constriction, high current speeds, sandy and gravelly substrate, 

and high abundance of Sabatieria support the hypothesis of a dynamic and disturbed environment 

at CNL3. This disturbance is further supported by the high dominance of relatively few families 

of polychaetes, including the classic opportunist Capitellidae family (Chapter 1).

In the Northeast Chukchi Sea, Sabatieria (37.6%) was the most abundant genus in the 

upper 1 cm of sediment, with the next three most abundant genera being Daptonema (10.7%), 

Cervonema (4.5%), and Dorylaimoposis (3.7%; Mincks et al. 2021). In our study, Sabatieria was 

only the most abundant meiofaunal-sized nematode in Group B, whereas Daptonema was highly 

abundant in Groups A, B, and C. Cervonema (CL1, CL3, IL4) and Dorylaimopsis (IL4) were only 
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found in Group D, which included the northern coastal stations closest to the Northeast Chukchi 

Sea study area. The variability in nematode genus composition suggests broader regional patterns 

that extend beyond our study area and point to the heterogeneous nature of Pacific-Arctic benthos.

Group C included three stations in the southern Chukchi Sea (CNL5, DBO3.8, and 

DBO3.6), with muddy sediment and low chloropigment content, but high TOC and TN. Overall, 

these stations receive large inputs of OM (O'Daly et al. 2020; Feng et al. 2020), which result in 

high biomass of deposit-feeding macrofauna (Grebmeier et al. 2015) that may subduct this material 

through feeding activity and bioturbation. The meiofaunal and nematode community in Group C 

also reflects these large inputs of OM, with high meiofauna abundance in the upper five cm of the 

sediment, especially at DBO3.6 and DBO3.8, but also with subsurface abundance maxima (1-2 

cm, 2-3 cm). The nematode assemblages are dominated by non-selective deposit feeders (80%) 

and general opportunists (c-p score = 2; 81%), including members of the Xyalidae family and 

Sabatieria, again pointing to an environment that experiences sedimentary disturbance. In contrast 

to the high meiofaunal abundance of small nematodes in Group C, macrofaunal abundance was 

low at these stations (Chapter 1). However, macrofaunal biomass was high and dominated by a 

few species of large-bodied organisms, particularly bivalves. These bivalves can easily rework 

nutritious particles from the surface into subsurface sediment layers where nematodes may 

aggregate to exploit the redistributed food sources. This abundance and biomass differentiation 

also suggests that the meiofauna and macrofauna respond differently to food input, with meiofauna 

responding with high abundance (especially subsurface) and low biomass, while macrofauna 

respond with low abundance and high biomass.

Group D contained the four coastal Chukchi Sea stations, characterized by muddy 

sediment and low current speeds (except at DBO3.3, see discussion of Group B above) with high 
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concentrations of TOC and TN and a visible layer of recently deposited phytodetritus at the 

sediment surface at some sites. However, this region is influenced by the Alaska Coastal Water, 

which is generally more nutrient-poor and less productive (Danielson et al. 2017; O'Daly et al. 

2020). High C:N ratios and low δ13C values in sediments suggest these relatively large sediment 

OM pools are partly comprised of refractory terrestrial material or advected particles, which enter 

the benthic food web in this area (Feder et al. 2007; Iken et al. 2010). This large amount of OM 

supports high nematode abundance and biomass in surface sediments, with total meiofaunal 

abundance at least 1.7 times and up to nearly nine times higher at station CL3 than at other stations. 

The assemblage at CL3 also comprised the smallest individuals on average.

The high number of small nematodes at CL3 may have been juveniles produced during a 

recent recruitment event, perhaps in response to the spring bloom. Additionally, anaerobic 

microbial remineralization at these stations (Walker et al. submitted) may render more refractory 

OM available for consumption by nematodes. Although other stations had higher sediment chl-a 

and TOC values, a visible layer of phytodetritus was observed in some sediment cores collected at 

CL3, suggesting a recent depositional event. Food pulses are important in regulating nematode 

size distributions as food inputs can stimulate reproduction (e.g., Ingels et al. 2013). The Pacific 

Arctic is indeed characterized by large pulses of OM input to the seafloor associated with release 

of ice algae during melting and a strong spring phytoplankton bloom. Small organisms, such as 

meiofauna, respond more rapidly to pulsed food inputs. Additionally, nematodes can actively 

influence spatial distribution by becoming entrained in resuspended material and then selectively 

settling in food-rich patches, such as freshly deposited phytodetritus (Lins et al. 2013; Mevenkamp 

et al. 2016).
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The nematode and meiofauna communities at Group D stations were representative of 

assemblages commonly found in muddy locations with high OM. For instance, the most abundant 

genus was Halalaimus, a long, slender nematode that can occupy interstitial space in fine 

sediments (Sharma et al. 2011). Family Desmodoridae (e.g., Desmodora and Molgolaimus) was 

only found at these sites and was also most abundant at muddy stations in the Southern Ocean 

(Ingels et al. 2006). Kinorhynchs, which are generally restricted to muddy sediment with higher 

OM (Landers et al. 2019; Grzelak and S0rensen 2019), were unique to Group D and particularly 

abundant at the muddiest stations: CL1, CL3, and IL4. Overall, these taxa suggest that the muddy 

substrate and OM quantity at these stations drive community composition.

Group D also had a high trophic diversity index and a high proportion of selective deposit 

feeders, such as Halalaimus, Tricoma, and Terschellingia. Of particular interest is the genus 

Terschellingia, which has been found in abundance in sulphidic, shallow-water habitats and is 

known to be tolerant of challenging biochemical conditions (Vanreusel et al. 2010). Terschellingia 

is most likely indicative of a shallow redox boundary at Group D sites, corresponding with 

evidence of a transition from an aerobic microbial community in the upper 1 cm of sediments at 

these same sites to an anaerobic community below (Walker et al. submitted).

Vertical distribution of meiofauna

Meiofauna abundance generally declines with sediment depth; however, the steepness of 

the vertical gradient in abundance can vary. For instance, in the Fram Strait, upper-slope stations 

with high food availability exhibited a more gradual decrease in meiofauna abundance with 

sediment depth compared to deeper stations with low food availability, where a more rapid decline 

was observed with sediment depth (Górska et al. 2014). Similar trends have been found at other 
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continental slope and abyssal sites (Lambshead et al. 1995; Vanaverbeke et al. 1997). We observed 

similar trends at our shallower shelf sites, where meiofauna abundance decreased slowly with 

sediment depth at the muddy, coastal Chukchi Sea stations characterized by high OM (Group D) 

and more rapidly at the sandy Bering Sea stations with low OM (Group A).

We found a subsurface peak in total meiofauna abundance at four southern Chukchi Sea 

stations (Groups B and C), two of which showed the same pattern for macrofaunal abundance 

(Chapter 1). Such patterns may result from surficial predation pressure (Soltwedel et al. 2003), 

subsurface peaks of food availability due to bioturbation (Galeron et al. 2001), or physical 

disturbance (Braeckman et al. 2011). At the Group B station, disturbance due to high current 

speeds may cause resuspension of surface-dwelling meiofauna, promoting deeper burrowing. In 

addition, all stations with the subsurface abundance peaks also had high biomass of deeper- 

burrowing bivalves, which may facilitate subduction of OM to depth through bioturbation activity, 

contributing to the subsurface distribution of nematodes.

Role of macrofaunal-sized nematodes in the sediment food web

Macrofaunal-sized nematodes are often ignored in both macro- and meiobenthic studies, 

yet, they exhibit distinct taxonomic and functional diversity compared to meiofaunal nematode 

assemblages (Sharma et al. 2011; Baldrighi and Manini 2015; Gunton et al. 2017). Similarly, we 

found that the meiofaunal- and macrofaunal-sized nematodes in the Pacific Arctic represented two 

distinct communities. The macrofaunal nematodes in our study comprised relatively fewer 

selective deposit feeders (1B) and epistratum feeders (2A) and higher proportions of non-selective 

deposit feeders (1B; Paramonohystera and Sabatieria) and predators/scavengers (2B) relative to 

meiofaunal nematodes. Sabatieria was the dominant genus in Arctic deep-sea macrofaunal-sized 
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nematode assemblages (>250 μm), followed by Viscosia (Sharma and Bluhm 2010). Genera that 

were exclusively found in the >500 μm assemblage were mainly predators/scavengers or persisters 

(c-p score = 3 or 4), which tend to be larger and thus better represented in this size fraction (Sharma 

and Bluhm 2010; Baldrighi and Manini 2015; Gunton et al. 2017).

These differences in relative proportions of feeding modes between meiofaunal- and 

macrofaunal-sized nematodes suggest distinct roles in benthic carbon cycling. Many of the 

meiofaunal-sized nematodes are selective feeders, targeting labile food particles, such as fresh 

phytoplankton cells or bacteria. These nematodes likely depend on a constant supply of freshly 

deposited OM and would be sensitive to changes in food input (Lovvorn et al. 2016), such as a 

decline in fresh phytoplankton to the seafloor, which has been predicted for our study region (Lee 

et al. 2013; Moore and Stabeno 2015). In contrast, non-selective deposit feeders that dominate the 

macrofaunal-sized nematode communities may be better equipped to consume more refractory or 

reworked material. These taxa may be buffered against declines in the input of fresh phytodetritus 

to the seafloor through consumption of a sediment food bank of OM (Mincks et al. 2005; Pirtle- 

Levy et al. 2009). In addition, the predators/scavengers prevalent in macrofaunal-sized nematode 

communities can consume other meiofaunal organisms or the juveniles and scavenged remains of 

macrofaunal organisms, adding a trophic pathway to sedimentary systems that goes unnoticed 

when the larger nematodes are ignored. Predators/scavengers were particularly abundant in sandier 

locations, likely because greater interstitial space is more accommodating to their larger size and 

greater mobility, and, perhaps more importantly, because their facultative feeding behavior and 

higher mobility may be more successful strategies for food-limited habitats (Sharma and Bluhm 

2010; Baldrighi and Manini 2015).
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In addition to representing a unique component of the benthos in terms of taxonomic 

composition and contribution to ecosystem function, macrofaunal-sized nematodes contributed 

substantially to benthic abundance and biomass, and hence benthic carbon cycling. While they 

only represented 1.6% of total nematode abundance (16-110 ind. 10 cm-2 in the upper 5 cm of 

sediment; similar to values reported by Gunton et al. (2017)), they accounted for 22% of total 

nematode biomass overall due to their large size, with a high of 55% of nematode biomass at 

DBO3.3. Macrofaunal-sized nematodes were also abundant relative to the rest of the macrofauna, 

comprising an average of 82 ± 17% (ranging from 48% at DBO2.2 to 96% at DBO3.6 and 

DBO3.8) of total macrofaunal abundance and 1 ± 2% (ranging from 0.005% at CNL3 to 7% at 

IL4) of macrofaunal biomass in the upper 5 cm sediment (macrofaunal data from Chapter 1). In 

the surface 1 cm of sediment, the macrofaunal-sized nematodes contributed less to total 

macrofaunal abundance (49 ± 27%, ranging from 11% at CL3 to 87% at DBO3.6), but made up a 

larger portion of total macrofaunal biomass (3 ± 8%, ranging from 0.002% at CL3 to 26% at IL4).

The contribution of nematodes to total macrofaunal abundance in our samples is high 

compared to other studies. In the Whittard Canyon in the Atlantic Ocean, nematodes only 

accounted for up to 15% of total macrofaunal abundance for the upper 5 cm of sediment (Gunton 

et al. 2017) and between 16-40% at deep-sea sites in the Mediterranean Sea (>300 μm for upper 

20 cm; Baldrighi and Manini 2015). However, these studies counted nematodes in macrofaunal 

samples that were live sieved prior to preservation, while our estimates were for samples that were 

sieved after preservation. Sieving live reduces retention of many taxonomic groups of macrofauna, 

especially soft-bodied, motile polychaetes (Degraer et al. 2007). Indeed, nematode counts from 

our macrofauna samples that were sieved live yielded estimates of only 28 ± 19% of total 
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macrofauna abundance, which is nevertheless a substantial contribution. This discrepancy 

highlights the potential for methodological bias when comparing results among studies.

The abundance and biomass of macrofauna-sized nematodes imply that they contribute 

substantially to carbon demand in the Pacific-Arctic benthos, particularly considering their 

potential for high rates of production given their short generation times. We estimated benthic 

secondary production using equations from Brey (1990), based on average individual weights and 

population biomass measured here. Values of macrofaunal nematode production ranged from 0.5 

to 4 g C m-2 y-1, which was on average 3 ± 2% of total secondary production (meiofaunal-sized 

nematodes + macrofaunal-sized nematodes + plus macrofauna from Chapter 1), ranging from 0.3% 

at CNL3 to 7% at DBO3.6.

Estimated production of meiofaunal-size nematodes ranged from 5 to 28 g C m-2 y-1, which 

on average accounted for 29 ± 26% of total estimated production (ranging from 3% at CNL3 to 

84% at IL4). This meiofaunal-sized nematode production accounted for 1 to 18% of carbon flux 

to the seafloor, according to regional flux measurements (O'Daly et al. 2020). However, this 

estimate does not consider feeding types, such as bacterivores and predators. Modeling studies 

have estimated that predatory nematodes consume about 20% detritus or bacteria and 80% 

nematodes or other fauna (Van Oevelen et al. 2011). Given that predatory nematodes are rare at 

most stations (0-24%; average 5%), this feeding type does not substantially impact our secondary 

production estimates. Additionally, many other factors influence metabolism and production, such 

as temperature, oxygen concentration, and food availability (Brockington and Clarke 2001; Clarke 

and Fraser 2004; Braeckman et al. 2013).
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Conclusions

To predict potential impacts of future environmental change (Huntington et al. 2020; Baker 

et al. 2020b) on benthic ecosystem structure (Grebmeier 2012; Moore et al. 2018; Goethel et al. 

2019; Waga et al. 2020) and function (Jones et al. 2021), ecosystem models must be well- 

constrained and representative of the current ecosystem and, where possible, consider the 

heterogeneity of the environment, especially in those regions where distinct communities are 

present. So far, most benthic research in the Pacific Arctic has focused on the macro- or epibenthos 

(e.g., Bluhm et al. 2009; Grebmeier et al. 2015), even though meiofauna play critical roles in 

ecosystem functioning (reviewed in Schratzberger and Ingels 2017) and achieve high densities in 

other marginal ice zones (Hoste et al. 2007; Górska et al. 2014). Due to a lack of available 

meiofauna data, modeling studies have utilized meiofauna community metrics from other regions 

(Nelson et al. 2014; Lovvorn et al. 2016). Our study shows four distinct nematode assemblages in 

the northern Bering and southern Chukchi seas, providing insight into the heterogeneous nature of 

the Pacific-Arctic sedimentary ecosystem, its distinct communities, and the environmental drivers 

that shape them. Moreover, the distribution of these assemblages aligns well with those of 

polychaete functional guilds (Chapter 1), reinforcing the distinctiveness of these “eco-regions.”

The data presented here provide critical baseline metrics, including abundance, biomass, 

and meiofauna community structure and function, that can be used to assess the impact of 

environmental change and inform regional ecosystem models. Our results suggest the need for 

small-scale sub-region ecosystem modeling units within the greater Pacific-Arctic region. Our 

research also shows that the size-based separation for infauna (meiofauna versus macrofauna) and 

the traditional taxonomic focus by scientists within each group leads to exclusion of a benthic 

component, the macrofauna-sized nematodes, that represent a substantial amount of benthic 
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standing stock and a distinct trophic role. Future field, experimental, and modeling studies should 

consider the potential bias when excluding macrofaunal-sized nematodes and assess their 

contribution to benthic ecosystem diversity and function.
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Tables and Figures

Table 2.1: Meiofauna metrics of each station sampled in 2018 in the northern Bering and southern Chukchi seas, 
including cluster group; latitude (°N); longitude (°W); water depth (m); meiofauna, meiofaunal-sized nematode, and 
macrofaunal-sized nematodes abundances (ind. 10 cm-2) and biomass (μg DW 10 cm-2) in the upper 5 cm of the 
sediment; and abundance (ind. 10 cm-2), wet weight, dry weight, carbon weight (μg 10 cm-2), and individual size (μg 
DW ind.-1) of meiofaunal- and macrofaunal-sized nematodes in the upper 1 cm of the sediment. Groups are based on 
hierarchical agglomerative clustering and similarity profile test (SIMPROF; Figure 2.3).
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Table 2.2: Relative abundance (%) of the most abundant (>1%) nematode genera per group (0-1 cm sediment layer) 
for the (a) 63-500 μm and (b) >500 μm size fractions of samples collected in the northern Bering and southern Chukchi 
seas in 2018. Groups are based on hierarchical agglomerative clustering and similarity profile (SIMPRF) test of 
meiofaunal-sized communities (Figure 2.3). Genera highlighted in bold in Table (a) contributed >70% to within-group 
similarity based on similarity percentages (SIMPER) procedure (Note: Group B only contained one station, so a 
SIMPER analysis could not be performed for this group). Codes in parentheses represent feeding type and c-p core, 
respectively.

(a)
63- 500 μm: Group A Group B Group C Group D

(1b, 2) Daptonema 15.28 (1b, 2) Sabatieria 24.75 (1b, 2) Daptonema 42.51 (1a, 4) Halalaimus 19.18
(2b, 4) Oncholaimus 11.65 (1b, 2) Daptonema 10.89 (1b, 2) Paramonohystera 23.37 (2a, 2) Microlaimus 11.05
(1b, 1) Monhystrella 8.95 (2a, 3) Marylynnia 10.89 (1b, 2) Sabateria 12.67 (1a, 4) Tricoma 8.24
(1b, 2) Paramonohystera 7.67 (1b, 2) Paramonohystera 5.94 (2a, 3) Neochromadora 11.14 (1b, 2) Paramonohystera 6.26
(1a, 4) Halalaimus 6.55 (1b, 2) Comesomatidae 5.94 (2a, 3) Chromadorita 3.24 (1b, 1) Thalassomonhystera 5.59
(2a, 3) Neochromadora 6.46 (1a, 1) Halomonhystera 3.96 (1a, 4) Halalaimus 2.29 (1a, 3) TerscheHngia 4.79
(2b, 3) Viscosia 5.61 (1b, 2) Metalinhomoeus 3.96 (1b, 2) Sabateria 4.49
(1b, 2) Sabatieria 5.18 (1a, 4) Halalaimus 2.97 (1b, 2) Cervonema 4.29
(2a, 2) Microlaimus 4.43 (2a, 3) Neochromadora 2.97 (1b, 3) Campylaimus 4.12
(2a, 3) Actinonema 3.61 (1b, 1) Monhystrella 1.98 (1a, 4) Desmoscolex 3.83
(1b, 2) Steineria 2.70 (2a, 2) Microlaimus 1.98 (2a, 3) Neochromadora 3.49
(2a, 3) Trochamus 2.70 (1b, 2) Xyalidae 1.98 (2a, 3) Aponema 3.32
(1a, 1) Halomonhystera 2.27 (2a, 3) Cyatholaimidae 1.98 (1b, 2) Daptonema 2.54
(2a, 3) Chromadorita 2.15 (1a, 4) Tricoma 1.98 (1b, 2) Eleutherolaimus 2.00
(1a, 3) Diplopeltula 1.88 (2a, 3) Pseudomicrolaimus 1.98 (2a, 2) Desmodora 1.79
(1b, 1) Thalassomonhystera 1.33 (1a, 2) Leptolaimus 1.73
(1a, 2) Leptolaimus 1.21 (1a, 3) Diplopeltula 1.73

(2a, 3) Chromadorita 1.30
(1a, 3) Pselionema 1.28

(bl____________________________________________________________________________________________________________
>500 μm: Group A Group B Group C Group D

Sabatieria 22.97 Sabatieria 62.07 Paramonohystera 67.70 Paramonohystera 32.62
Cephalanticoma 17.15 Marylynnia 13.79 Sabatieria 19.85 Sabatieria 14.44
Mesacanthion 12.28 Metalinhomoeus 6.90 Halalaimus 3.63 Setosabatieria 12.53
Oncholaimus 9.95 Viscosia 6.90 Daptonema 2.91 Mesacanthion 9.92
Daptonema 6.78 Crenopharynx 3.45 Innocuonema 1.49 Oxyonchus 9.92
Oxyonchus 5.81 Oncholaimus 3.45 Sphaerolaimus 1.49 Rhabdodemania 5.84
Metalinhomoeus 4.24 Symplocostoma 3.45 Mesacanthion 1.43 Daptonema 4.67
Metoncholaimus 4.24 Dorylaimopsis 2.21
Viscosia 4.17 Thalassoalaimus 1.24
Ledovitia 3.30 Metalinhomoeus 1.17
Paramonohystera 2.54
Steineria 2.45
Subsphaerolaimus 1.69
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Table 2.3: Hill's numbers (H0, H1, H2, H∞), Pielou's evenness (J'), Shannon-Wiener diversity index (H'), expected 
number of genera for 51 individuals (EG(51)), average trophic diversity ± standard deviation (Heip et al. 1998), 
relative abundances of each feeding type, average maturity index ± standard deviation (Bongers 1990; Bongers et al. 
1991), and relative abundance of each c-p score for meiofaunal-sized (63-500 μm) nematodes in surface sediments 
(0-1 cm) for each group. Groups are based on hierarchical agglomerative clustering and similarity profile test 
(SIMPROF; Figure 2.3). Samples were collected in the northern Bering and southern Chukchi seas in 2018.

Group A Group B Group C Group D
H0 26.5 31.0 12.0 26.0
H1 15.0 16.9 5.0 15.5
H2 10.3 9.9 3.4 10.1
H∞ 5.1 4.0 2.1 4.5
J' 0.8 0.8 0.6 0.8
H' 2.7 2.8 1.6 2.7
EG(51) 16.7 20.1 8.4 17.0
Trophic Diversity 3.1 ± 0.7 2.4 1.5 ± 0.2 2.7 ± 0.2
Feeding types*:

1A 15.3 12.9 3.3 43.2
1B 43.0 56.4 79.8 32.6
2A 23.3 27.7 15.9 23.7
2B 18.5 3.0 1.1 0.6

Maturity Index 2.6 ± 0.20 2.4 2.2 ± 0.1 2.7 ± 0.2
c-p score:

2 52.9 66.3 80.7 46.3
3 26.2 26.7 16.0 22.0
4 20.9 6.9 3.3 31.8

* 1A: selective deposit feeders; 1B: non-selective deposit feeders; 2A: epistratum feeders; 2B: predators/scavengers

105



Figure 2.1: Ten sampling locations in the northern Bering and southern Chukchi seas in 2018. Symbols based on 
hierarchical agglomerative clustering of 63-500 μm nematode communities from Figure 2.3. Group A = yellow 
diamonds; Group B = blue square; Group C = red inverted triangles; Group D = black upright triangles. Northward 
moving currents include the Bering Shelf-Anadyr Water in solid gray lines and the Alaska Coastal Water in dotted 
gray line.
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Figure 2.2: Meiofaunal abundance (ind. 10 cm-2) in the upper 5 cm of sediment at sampling locations on the northern 
Bering and southern Chukchi Sea continental shelves in 2018.
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Figure 2.3: nMDS ordination of meiofaunal-sized (63-500 μm) nematode surface sediment (0-1 cm) community 
structure (ind. 10 cm-2) from the northern Bering and southern Chukchi seas in 2018. Ordination based on hierarchical 
agglomerative clustering with group-averaged linkage on log(x + 1) transformed data and Bray-Curtis similarity. Four 
significant station groupings circled in black or as a singleton station based on the similarity profile test (SIMPROF).
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Figure 2.4: Abundance (ind. 10 cm-2) of nematodes (63-500 μm; black) and other meiofauna (gray) for each sediment 
depth and group from the northern Bering and southern Chukchi seas in 2018. Groups are based on hierarchical 
agglomerative clustering with group-averaged linkage on log(x + 1) transformed surface nematode abundances and 
Bray-Curtis similarity and similarity profile test (SIMPROF; Figure 2.3).
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Figure 2.5: Average (+ standard deviation) meiofaunal-sized (gray) and macrofaunal-sized (black) nematode (a) 
abundance (ind. 10 cm-2) and (b) biomass (μg DW 10 cm-2) in surface sediments (0-1cm) for each group from samples 
in the northern Bering and southern Chukchi seas in 2018. Groups are based on hierarchical agglomerative clustering 
with group-averaged linkage on log(x + 1) transformed surface nematode abundances and Bray-Curtis similarity and 
similarity profile test (SIMPROF; Figure 2.3).
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Figure 2.6: nMDS ordination of meiofaunal-sized (63-500 μm) nematode surface (0-1 cm) community structure (ind. 
10 cm-2). Ordination based on hierarchical agglomerative clustering with group-averaged linkage on log(x + 1) 
transformed data and Bray-Curtis similarity. Four station groupings circled in black or as a singleton station based on 
the similarity profile test (SIMPROF). Pie slices represent the abundance of nematode genera that are in the top three 
guilds contributing to within-group similarity in at least one group based on similarity percentages (SIMPER) 
procedure. Feeding type (1A: selective deposit feeders; 1B: non-selective deposit feeders; 2A: epistratum feeders; 2B: 
predators/scavengers) and c-p score of genera in parentheses.
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Relationships between dbRDA coordinate axes and orthonormal X variables
(multiple partial correlations)
Variable dbRDA1 dbRDA2 dbRDA3 dbRDA4 dbRDA5 dbRDA6 dbRDA7 dbRDA8
δ13C -0.104 0.647 0.176 -0.671 0.202 0.154 -0.015 -0.157
Chl-a:phaeo 0.495 -0.170 0.671 -0.166 -0.133 0.167 0.182 0.411
Current speed (m s-1) -0.164 -0.153 0.608 0.202 0.123 -0.011 -0.522 -0.502
%Silt/Clay 0.382 -0.296 -0.282 -0.438 -0.495 0.139 -0.269 -0.397
Salinity -0.556 -0.445 0.146 -0.252 -0.100 0.199 0.558 -0.216
Depth (m) -0.472 -0.055 -0.031 -0.112 -0.279 0.341 -0.515 0.549
TN (mg cm-2) 0.094 -0.486 -0.168 -0.349 0.734 -0.039 -0.199 0.162
Phaeo (ug cm-2) -0.175 -0.064 0.135 -0.306 -0.233 -0.878 -0.069 0.152

Figure 2.7: Distance-based redundancy analysis (dbRDA) displaying the relationship between nematode (63-500 μm) 
community structure for the upper 1 cm of sediment and environmental correlates from the northern Bering and 
southern Chukchi seas in 2018. Colors and symbols are based on groups identified based on hierarchical agglomerative 
clustering with group-averaged linkage on log(x+1) transformed nematode abundance and Bray-Curtis similarity. The 
selected model accounted for 96.97% of total variation. In the inset table, multiple partial correlations are given for 
the eight variables retained in the model. The blue vector overlays correspond to the multiple partial correlations of 
each variable.
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Figure 2.8: Boxplot of environmental parameters for each group, including current speed (m s-1), percent silt/clay (%) 
and CPE (ug cm-2), chl-a:phaeo, TN (mg cm-2), C:N, and δ13C (‰) for the upper 1 cm of sediment in the northern 
Bering and southern Chukchi seas in 2018. Groups are based on hierarchical agglomerative clustering and similarity 
profile test (SIMPROF; Figure 2.3). The middle horizontal line of the boxplot represents the median; the upper and 
lower horizontal lines represent the first and third quartiles, respectively; and the bottom and top of the vertical lines 
represent the minim and maximum values, respectively, excluding outliers identified as dots. Groups based on 
hierarchical agglomerative clustering with group-averaged linkage on log(x+1) transformed nematode genera 
abundances and Bray-Curtis similarity.
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Figure 2.9: nMDS ordination of meiofaunal- and macrofaunal-sized nematode relative abundance of surface sediment 
(0-1 cm) in the northern Bering and southern Chukchi seas in 2018. Ordination based on hierarchical agglomerative 
clustering with group-averaged linkage on log(x + 1) transformed relative abundances and Bray-Curtis similarity. The 
two size fractions were significantly different (ANOSIM R = 0.356, p = 0.0002). Black triangles are 63-500 μm 
samples, and gray stars are >500 μm samples.
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Supplemental Tables and Figures

Supplemental Table 2.1: Abundance (ind. 10 cm-2) of major taxa within the metazoan meiofauna (63-500 μm) per 
station and per sediment depth from samples collected in the northern Bering and southern Chukchi seas in 2018.

Station Sediment depth 
(cm)

Acari Amphipoda Bivalvia Copepoda Cumacea Kinorhyncha Nauplii Nematoda Ostracoda Planhelminthes Polychaeta Unknown Total

CLl 0-1 1528 70.03 39.47 34.38 145022 3.82 11.46 5.09 1629.74
1-2 5.09 10.19 1528 5.09 138528 5.09 12.73 1438.76
2-3 2.55 127 718.11 127 5.09 728.29
3-4 1.27 2.55 227.91 0.00 231.73
4-5 6.37 255 9422 127 155 106.95
Total 20.37 90.40 58.57 42.02 3875.73 11.46 31.83 5.09 4135.47

CL3 0-1 3.82 52.20 90.40 1.27 151.52 47.11 6920.04 1528 39.47 127 7322.38
1-2 127 127 1.27 3195.82 127 3.82 2.55 3207.28
2-3 1.27 1596.64 1.27 1599.19
34 612.43 0.00 612.43
4-5 132.42 1.27 133 69
Total 5.09 54.75 91.67 1.27 151.52 47.11 1245735 16.55 45.84 3.82 12874.97

CNL3 0-1 1.27 105.68 44.56 19226 127 6.37 351.41
1-2 127 1.27 155 127 544.95 155 553.86
2-3 127 127 305.58 0.00 308.12
34 184 62 0.00 184.62
4-5 50.93 0.00 50.93
Total 127 3.82 108.23 47.11 1278.33 127 8.91 1448.94

CNL5 0-1 127 10.19 155.33 1.27 92.95 160.43 127 5.09 5.09 432.90
1-2 6.37 774.13 1.27 781.77
2-3 981.67 0.00 981.67
34 1.27 54622 0.00 127 548.76
4-5 2.55 2.55 285.20 0.00 29030
Toal 127 12.73 165.52 1.27 92.95 2747.64 127 6.37 637 3035.40

DBO2.2 0-1 127 35.65 151.52 1.27 157.88 1977.34 28.01 0.00 127 2354.21
1-2 127 7.64 28.01 1.27 11.46 575.50 10.19 1.27 2.55 639.16
2-3 14.01 2.55 1528 457.09 1.27 490 20
34 3.82 1.27 127 20626 0.00 212.63
4-5 255 161.70 0.00 164 25
Total 2.55 61.12 183.35 2.55 188.44 3377.90 3820 155 3.82 386045

DBO2.4 0-1 14.01 332.31 121721 985.49 7.64 127 6.37 127 2565.57
1-2 2.55 90.40 159.15 280.11 2.55 1.27 536.03
2-3 16.55 16.55 29921 155 334.86
34 3.82 127 148.97 0.00 154.06
4-5 127 126.05 0.00 127 128.60
Total 16.55 443.09 1395.47 1839.83 10.19 127 10.19 2.55 3719.12

DBO3.3 0-1 127 19.10 127 17.83 646.80 25.46 8.91 720.65
1-2 127 1.27 324.68 5.09 2.55 334.86
2-3 1.27 157.88 127 0.00 160 43
34 155 127 263.56 637 1.27 275.02
4-5 1.27 1.27 148.97 127 0.00 19.10 171.89
Total 127 2.55 25.46 127 19.10 1541.89 3438 15.28 21.65 1662.85

DBO3.6 0-1 1.27 147.70 241.51 598.42 17.83 2.55 1009.68
1-2 3.82 7.64 3.82 149223 0.00 1507.51
2-3 2.55 3.82 286733 1.27 2874.97
34 127 1690.86 0.00 1692.13
4-5 1.27 5.09 127 618.79 1.27 627.71
Total 10.19 164.25 247.01 7267.63 20.37 2.55 7711.99

DBO3.8 0-1 15.28 57.30 127 921.82 1.27 7.64 1004.58
1-2 10.19 12.73 2529.92 5.09 2557.93
2-3 2.55 1190.48 0.00 1193.02
34 6.37 122231 0.00 2.55 1231.22
4-5 6.37 910.36 0.00 2.55 919.28
Total 40.74 70.03 127 6774.89 6.37 1173 6906.04

IL4 0-1 15.28 90.40 39.47 5730 1501.15 11.46 3.82 1718.87
1-2 16.55 26.74 12.73 30.56 993.12 127 14.01 1094.98
2-3 7.64 17.83 16.55 6621 618.79 2.55 3.82 733.38
34 17.83 11.46 16.55 90.40 82124 127 6.37 965.11
4-5 11.46 10.19 3.82 4329 654.44 3.82 7.64 734.66
Total 68.75 156.61 89.13 287.75 4588.74 2037 35.65 5247.01



Supplemental Table 2.2: Similarity percentages (SIMPER) nematode genera contributions to similarity between 
samples in the upper 1 cm of the sediment within groups (%) with a 70% cut-off for low contributions. Average group 
similarity in parenthesis next to group name. Group B only contained one station so a SIMPER analysis could not be 
performed for this group. Meiofaunal samples were collected in the northern Bering and southern Chukchi seas in 
2018.

Group A (54.12 avg) Group B Group C (59.92 avg) Group D (55.33 avg)
Daptonema - 10.51 
Paramonohystera - 9.11 
Neochromadora - 8.71 
Oncholaimus - 7.90 
Steineria - 7.50 
Trochamus - 7.50 
Microlaimus - 7.10 
Chromadorita - 6.54 
Diplopeltula - 5.76

(N/A) Daptonema - 24.88
Sabatieria - 18.03
Paramonohystera - 17.72
Chromadorita - 12.88

Paramonohystera - 7.95 
Terschellingia - 7.64 
Tricoma - 7.62 
Microlaimus - 7.58 
Sabatieria - 7.17 
Halalaimus - 7.16 
Desmoscolex - 6.31 
Aponema - 5.96 
Campylaimus - 5.76 
Cervonema - 4.01 
Pselionema - 2.94
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Supplemental Table 2.3: Relative abundance (%) of the most abundant (>1%) nematode genera per station (0-1 cm 
sediment layer, 63-500 μm size fraction) in the northern Bering and southern Chukchi seas in 2018.

CL1 CL3 CNL3 CNL5 DBO2.2
Tricoma 26.36 Halalaimus 26.73 Sabatieria 24.75 Daptonema 45.65 Oncholaimus 15.00
Microlaimus 12.73 Microlaimus 12.87 Daptonema 10.89 Sabatieria 13.04 Monhystrella 13.00
Desmodora 10.91 Thalassomonhystera 7.92 Marylynnia 10.89 Paramonohystera 11.96 Daptonema 9.00
Desmoscolex 10.00 Tricoma 5.94 Paramonohystera 5.94 Chromadorita 5.43 Halalaimus 9.00
Aponema 7.27 Campylaimus 4.95 Comesomatidae 5.94 Halalaimus 4.35 Viscosia 8.00
Terschellingia 6.36 Neochromadora 4.95 Halomonhystera 3.96 Neochromadora 3.26 Paramonohystera 7.00
Campylaimus 3.64 Cervonema 3.96 Metalinhomoeus 3.96 Tricoma 3.26 Neochromadora 6.00
Cervonema 3.64 Paramonohystera 3.96 Halalaimus 2.97 Desmoscolex 3.26 Microlaimus 5.00
Pselionema 3.64 Desmoscolex 2.97 Neochromadora 2.97 Campylaimus 2.17 Actinonema 5.00
Diplopeltula 2.73 Aponema 2.97 Microlaimus 1.98 Comesomatidae 1.09 Halomonhystera 3.00
Halalaimus 2.73 Daptonema 2.97 Tricoma 1.98 Microlaimus 1.09 Chromadorita 2.00
Paramonohystera 1.82 Eleutherolaimus 2.97 Cyatholaimidae 1.98 Aponema 1.09 Thalassomonhystera 2.00
Sabatieria 1.82 Terschellingia 1.98 Monhystrella 1.98 Laimella 1.09 Diplopeltula 2.00

Diplopeltula 1.98 Pseudomicrolaimus 1.98 Linhomoeidae 1.09 Trochamus 2.00
Sabatieria 1.98 Xyalidae 1.98 Setosabatieria 1.09 Steineria 2.00
Leptolaimus 1.98 Sphaerolaimus 1.09 Aponema 1.00
Chromadorita 1.98 Xyalidae 1.00

Leptolaimus 1.00
Aegialoalaimus 1.00
Cephalanticoma 1.00
Dichromadora 1.00
Haliplectius 1.00
Metaparoncholaimus 1.00
Rhynchonema 1.00
Tripyloides 1.00

DBO2.4 DBO3.3 DBO3.6 DBO3.8 IL4
Daptonema 27.87 Paramonohystera 21.31 Daptonema 72.31 Paramonohystera 35.04 Sabatieria 17.43
Sabatieria 15.57 Daptonema 7.38 Paramonohystera 8.46 Daptonema 22.63 Terschellingia 16.51
Paramonohystera 9.02 Sabatieria 7.38 Sabatieria 8.46 Neochromadora 18.25 Paramonohystera 14.68
Neochromadora 7.38 Microlaimus 4.92 Chromadorita 5.38 Sabatieria 15.33 Cervonema 8.26
Oncholaimus 4.92 Halalaimus 4.92 Neochromadora 2.31 Halalaimus 2.92 Halalaimus 6.42
Trochamus 4.10 Leptolaimus 4.92 Chromadorita 1.46 Dorylaimopsis 4.59
Steineria 4.10 Tricoma 4.92 Microlaimus 1.46 Molgolaimus 4.59
Microlaimus 3.28 Terschellingia 4.10 Microlaimus 3.67
Chromadorita 2.46 Thalassomonhystera 4.10 Tricoma 2.75
Halalaimus 1.64 Xyalidae 3.28 Desmoscolex 2.75
Diplopeltula 1.64 Chromadora 2.46 Comesomatidae 1.83
Leptolaimus 1.64 Oxyonchus 2.46 Xyalidae 1.83
Desmoscolex 1.64 Desmodora 2.46 Aponema 1.83
Comesomatidae 1.64 Neochromadora 1.64 Campylaimus 1.83
Terschellingia 1.64 Desmoscolex 1.64 Laimella 1.83
Linhomoeus 1.64 Monhystrella 1.64

Viscosia 1.64
Halomonhystera 1.64
Linhomoeidae 1.64
Aponema 1.64
Aegialoalaimus 1.64
Campylaimus 1.64
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Supplemental Table 2.4: Trophic diversity (TDI), relative abundances (%) of each feeding type, maturity index 
(MI), and relative abundance (%) of each c-p score for both the 63-500 μm and >500 μm size fractions for each 
station in the northern Bering and southern Chukchi seas in 2018.

* 1A: selective deposit feeders; 1B: non-selective deposit feeders; 2A: epistratum feeders; 2B: predators/scavengers

63-500 μm
Station TDI Feeding type*: 1A 1B 2A 2B MI c-p score: 2 3 4
CL 1 2.38 53.6 11.8 34.5 0.0 3.04 36.4 23.6 40.0
CL 3 2.81 44.6 31.7 23.8 0.0 2.92 43.6 20.8 35.6
CNL 3 2.42 12.9 56.4 27.7 3.0 2.41 66.3 26.7 6.9
CNL 5 1.69 10.9 75.0 13.0 1.1 2.35 76.1 13.0 10.9
DBO 2.2 3.77 18.0 35.0 23.0 24.0 2.81 45.0 29.0 26.0
DBO 2.4 2.38 9.8 59.0 23.8 7.4 2.42 68.9 20.5 10.7
DBO 3.3 2.94 24.6 49.2 17.2 9.0 2.49 66.4 18.0 15.6
DBO 3.6 1.24 0.8 89.2 8.5 1.5 2.12 89.2 10.0 0.8
DBO 3.8 1.67 3.6 74.5 21.2 0.7 2.28 75.9 20.4 3.6
IL 4 2.56 34.9 49.5 15.6 0.0 2.53 59.6 27.5 12.8
>500 μm
Station TDI Feeding type: 1A 1B 2A 2B MI c-p score: 2 3 4
CL 1 1.27 5.9 88.2 5.9 0.0 2.18 88.2 5.9 5.9
CL 3 1.47 0.0 80.0 20.0 0.0 2.00 100.0 0.0 0.0
CNL 3 1.94 3.4 69.0 13.8 13.8 2.41 69.0 20.7 10.3
CNL 5 1.81 14.3 71.4 0.0 14.3 2.43 71.4 14.3 14.3
DBO 2.2 2.16 38.9 5.6 0.0 55.6 2.67 51.9 29.6 18.5
DBO 2.4 1.83 1.5 66.7 0.0 31.8 2.45 71.2 12.1 16.7
DBO 3.3 2.06 0.9 53.2 0.9 45.0 2.38 72.5 17.4 10.1
DBO 3.6 1.13 0.0 94.1 2.0 4.0 2.08 94.1 4.0 2.0
DBO 3.8 1.46 14.8 81.5 0.0 3.7 2.33 81.5 3.7 14.8
IL 4 1.35 8.8 85.3 5.9 0.0 2.15 91.2 2.9 5.9
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Supplemental Table 2.5: Environmental and sediment characteristics of each station in the northern Bering and 
southern Chukchi seas sampled in 2018, including cluster group; latitude (°N); longitude (°W); station depth (m); 
near-bottom water temperature (°C); near-bottom water salinity; mean phi; percent silt/clay; percent sand; porosity; 
chl-a, phaeo, and CPE inventories (μg cm-2) in the surface 1 cm of sediment; chl-a:phaeo; TOC and TN inventories 
(mg cm-2) in the surface 1 cm of sediment; chl-a, phaeo, and CPE inventories (μg cm-2) in the upper 5 cm of sediment; 
average chl-a:phaeo over the top 5 cm of sediment; TOC and TN inventories (mg cm-2) in the upper 5 cm of sediment; 
and average C:N and δ13C (‰) over the top 5 cm of sediment. Groups are based on hierarchical agglomerative 
clustering analysis of meiofaunal-sized (63-500 μm) nematode community structure and similarity profile test.
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Supplemental Table 2.6 Relative abundance (%) of all macrofaunal-sized nematode genera per station (0-1 cm, >500 
μm) in the northern Bering and southern Chukchi seas in 2018.

CL1 CL3 CNL3 CNL5 DBO2.2

Setosabatieria 64.71 Paramonohystera 60.00 Sabatieria 62.07 Sabatieria 57.14 Cephalanticoma 38.89
Sabatieria 17.65 Sabatieria 20.00 Marylynnia 13.79 Daptonema 14.29 Mesacanthion 25.93
Aponema 5.88 Microlaimus 20.00 Metalinhomoeus 6.90 Halalaimus 14.29 Oncholaimus 12.96
Paramonohystera 5.88 Viscosia 6.90 Mesacanthion 14.29 Oxyonchus 7.41
Thalassoalaimus 5.88 Crenopharynx 3.45 Ledovitia 5.56

Oncholaimus 3.45 Steineria 5.56
Symplocostoma 3.45 Viscosia 3.70

DBO2.4 DBO3.3 DBO3.6 DBO3.8 IL4

Sabatieria 40.91 Paramonohystera 31.19 Paramonohystera 78.22 Paramonohystera 44.44 Paramonohystera 38.24

Daptonema 12.12 Oxyonchus 15.60 Sabatieria 14.85 Sabatieria 29.63 Setosabatieria 27.94

Oncholaimus 7.58 Mesacanthion 15.60 Innocuonema 1.98 Halalaimus 14.81 Sabatieria 19.12

Metalinhomoeus 7.58 Sabatieria 11.93 Sphaerolaimus 1.98 Daptonema 7.41 Dorylaimopsis 5.88

Metoncholaimus 7.58 Rhabdodemania 9.17 Daptonema 0.99 Mesacanthion 3.70 Halalaimus 2.94

Oxyonchus 4.55 Daptonema 7.34 Oncholaimus 0.99 Thalassoalaimus 2.94

Viscosia 4.55 Metalinhomoeus 1.83 Symplocostoma 0.99 Terschellingia 2.94

Paramonohystera 4.55 Viscosia 0.92

Subsphaerolaimus 3.03 Subsphaerolaimus 0.92

Mesacanthion 1.52 Ledovitia 0.92

Ledovitia 1.52 Cephalanticoma 0.92

Araeolaimus 1.52 Dorylaimopsis 0.92

Comesomoides 1.52 Thoracostomopsidae 0.92

Synonchiella 1.52 Enoplolaimus 0.92

Xyalidae 0.92
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Supplemental Figure 2.1: nMDS ordination of macrofaunal-sized (>500 μm) nematode surface (0-1 cm) community 
structure (ind. 10cm-2) in the northern Bering and southern Chukchi seas in 2018. Ordination based on hierarchical 
agglomerative clustering with group-averaged linkage on log(x + 1) transformed data and Bray-Curtis similarity. There 
was no significant community structure (π = 1.7, p = 0.65) according to the similarity profile test (SIMPROF). Symbols 
based on clustering analysis of meiofaunal-sized (63-500 μm) nematode community structure.
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Chapter 3: Changes to benthic community structure may impact organic matter 

consumption on Pacific Arctic shelves* 3

33 Jones BR, Kelley AL, Mincks SL (2021) Changes to benthic community structure may impact organic matter 
consumption on Pacific Arctic shelves. Conservation Physiology 9(1): coab007; doi:10.1093/conphys/coab007.

Abstract

Changes in species composition and biomass of Arctic benthic communities are predicted 

to occur in response to environmental changes associated with oceanic warming and sea-ice loss. 

Such changes will likely impact ecosystem function, including flows of energy and organic 

material through the Arctic marine food web. Oxygen consumption rates can be used to quantify 

differences in metabolic demand among species and estimate the effects of shifting community 

structure on benthic carbon consumption. Closed-system respirometry using non-invasive oxygen 

optodes was conducted onboard the R/V Sikuliaq in June 2017 and 2018 on six dominant species 

of benthic macrofauna from the northern Bering Sea and southern Chukchi Sea shelves, including 

five bivalve species (Macoma sp., Serripes groenlandicus, Astarte sp., Hiatella arctica, and 

Nuculana pernula) and one amphipod species (Ampelisca macrocephala). Results revealed 

species-specific respiration rates with high metabolic demand for S. groenlandicus and A. 

macrocephala compared to that of the other species. For a hypothetical 0.1-g ash-free dry mass 

individual, the standard metabolic rate of S. groenlandicus would be 4.3 times higher than that of 

Astarte sp. Overall, carbon demand ranged from 8 to 475 μg C individual-1 day-1 for the species 

and sizes of individuals measured. The allometric scaling of respiration rate with biomass also 

varied among species. The scaling coefficient was similar for H. arctica, A. macrocephala, and 

Astarte sp., while it was high for S. groenlandicus and low for Macoma sp. These results suggest 

that observed shifts in spatial distribution of the dominant macrofaunal taxa across this region will 
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impact carbon demand of the benthic community. Hence, ecosystem models seeking to incorporate 

benthic system functionality may need to differentiate among communities that exhibit different 

oxygen demands.

Introduction

Climate change is impacting Arctic marine ecosystems at a rapid pace. Warming 

temperatures and declining sea ice (IPCC 2014; Wang and Overland 2015; Huntington et al. 2020) 

are resulting in ecosystem-wide changes in the timing and magnitude of primary production 

(Arrigo and van Dijken 2015; Selz et al. 2018), secondary production (Ringuette et al. 2002), the 

strength of pelagic-benthic coupling (Grebmeier et al. 2006; Moore and Stabeno 2015), and 

benthic community structure and function (Grebmeier et al. 2018). These changes are likely to 

affect metabolic demand of Arctic marine invertebrates and, in turn, the cycling of organic matter 

in sediments and subsequent exchanges with the water column.

Oxygen consumption rates (MO2) provide an estimate of metabolic activity in aerobic 

organisms and serve as a proxy for organic matter consumption and energy flow through the 

benthic food web. Metabolic rates vary among individuals due to a variety of factors, including 

developmental stage (Yagi et al. 2010), age (Sukhotin and Portner 2001; Glazier et al. 2015), and 

body size (Kleiber 1932). For instance, MO2 increases with body size in a relatively predictable 

manner described by the ‘3/4-power law', wherein the relationship between MO2 and body size is 

quantified by a metabolic scaling coefficient of approximately 0.75 (Kleiber 1932); however, 

many exceptions have been reported (reviewed by Glazier 2005). In addition to physiological 

differences among individuals and species, MO2 also varies with environmental factors, such as 

temperature (Peck et al. 2002; Clarke and Fraser 2004; Trigos et al. 2015), pH (Liu and He 2012; 

Saavedra et al. 2018), and food availability (Brockington and Clarke 2001; Sejr et al. 2004). Many 
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of these environmental conditions have already changed or are projected to change under future 

climate scenarios (IPCC 2014), potentially resulting in alterations to benthic biomass, taxonomic 

composition, and carbon demand.

Estimates of whole sediment-community oxygen consumption rates are available across 

the Arctic (reviewed in Bourgeois et al. 2017; Grebmeier et al. 2006). However, MO2 rates of 

individual species have rarely been reported for the region (Vahl 1978; Opalinski and Weslawksi 

1989; Sejr et al. 2004; Goethel et al. 2017), hampering efforts to predict how changes in species 

composition may impact benthic carbon processing rates and ecosystem function (Grebmeier 

2012). In the Pacific Arctic region, the Bering and Chukchi seas overlie a shallow inflow shelf 

influenced by distinct water masses: cold, nutrient-rich Bering Shelf-Anadry Water and warm, 

more nutrient-poor Alaska Coastal Water (Danielson et al. 2017). Flows accelerate through the 

Bering Strait constriction (Danielson et al. 2014), promoting energetic mixing that locally 

enhances pelagic primary productivity (Walsh et al. 1989). Downstream of this constriction, the 

current speeds decline, allowing pelagic production and particle flux to settle to the seafloor 

(Grebmeier et al. 2015). Such dynamic oceanographic conditions result in a patchy distribution of 

benthic organisms, with ecologically important hotspots of high benthic biomass up to 32 g C m-2 

in the Chirikov Basin and southeast Chukchi Sea (Grebmeier et al. 2015). These hotspots serve as 

persistent feeding grounds for marine mammals (Fay 1982) and birds (Lovvorn et al. 2003). 

Overall, the benthos accounts for a substantial portion of the total food web production in these 

regions (Walsh et al. 1989), dominated by infaunal bivalves and amphipods (Feder et al. 1994; 

Grebmeier et al. 2015).

We quantified metabolic rates of dominant macrofaunal benthos from the northern Bering 

Sea and southern Chukchi Sea shelves by measuring oxygen consumption rates in laboratory 
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incubations. Experiments were conducted using five bivalve species (Macoma sp., Serripes 

groenlandicus, Astarte sp., Hiatella arctica, and Nuculana pernula) and one amphipod species 

(Ampelisca macrocephala). These species exhibit diverse life-history strategies and functional 

traits. For instance, Astarte sp., H. arctica, and S. groenlandicus are all suspension feeders, while 

N. pernula is a deposit feeder and Macoma sp. is a facultative feeder, capable of switching between 

deposit and suspension feeding. Ampelisca macrocephala is primarily a suspension feeder but can 

supplement its diet by deposit-feeding or consuming small crustaceans. MO2 was measured for 

multiple individuals of each species, spanning a range of body sizes to establish metabolic scaling 

relationships for each taxon. Overall, we found species-specific respiration rates and differences 

in metabolic scaling, which have implications for benthic carbon demand, particularly considering 

altered environmental conditions and shifting species assemblages.

Methods

Sampling

Macrofauna were collected from the northern Bering and southern Chukchi seas from 13

24 June 2017 and 9-22 June 2018 from the R/V Sikuliaq as part of the Arctic Shelf Growth, 

Advection, Respiration, and Deposition (ASGARD) project (Figure 3.1, Table 3.1). Macrofauna 

were selected from four sampling stations in 2017 and ten stations in 2018 with an average depth 

of 50 m (ranging from 39 to 59 m). Near-bottom water temperature at sampling locations was 2.8 

± 0.7°C in 2017 and 1.3 ± 0.8°C in 2018 (Table 3.1).

Individuals were selected from plumb-staff beam trawl, multi-core (MC-800, Ocean 

Instruments, San Diego), and 0.1-m2 Van Veen grab samples. Experiments conducted in 2017 

included the bivalves Macoma sp. (mostly M. calcarea; four small individuals only identified to 
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genus level) and Serripes groenlandicus (Table 3.1). In 2018, experiments were conducted for 

additional Macoma sp. (one individual only identified to genus) and S. groenlandicus, as well as 

the bivalves Astarte sp. (mostly A. montagui; one identified only to genus), Nuculana pernula, 

Hiatella arctica, and the amphipod Ampelisca macrocephala.

Respirometry

Closed-system respirometry was performed in a temperature-controlled room onboard the 

R/V Sikuliaq. Non-invasive oxygen optodes (PSt3 oxygen sensor spots; PreSens Precision Sensing 

GmbH, Germany) were used to measure oxygen concentration inside incubation chambers (Gatti 

et al. 2002). The sensor spots measure oxygen concentration based on the dynamic fluorescence 

quenching of a luminophore contained in a polymer matrix and have a detection limit of 0.03% 

oxygen (15 ppb dissolved oxygen). Factory calibration was used for new sensor spots purchased 

in 2017 and 2018. For sensor spots that had been used and stored for a year between field seasons, 

a two-point calibration was performed per manufacturer's instructions. An aquarium bubbler was 

used to produce a solution of 100% oxygen air saturation, and a solution of 0% saturation was 

produced using sodium sulfite and cobalt nitrate (1 g Na2SO3 and 50 μl of Co(NO3)2 dissolved in 

100 mL of reverse osmosis water to achieve ρ(Co) = 1000 mg L-1; in nitric acid 0.5 mol L-1).

Prior to the start of each experiment, organisms were rinsed with 0.2-μm filtered seawater, 

and bivalve shells were gently scrubbed with a toothbrush to remove microbial films. Each 

individual was acclimated to experimental conditions by placing it in an incubation chamber 

submerged in a water bath, which consisted of a plastic tote filled with 0.2-μm filtered seawater 

aerated with an aquarium bubbler. The temperature-controlled room was set to a target 

experimental temperature of 0°C, but recorded temperatures of the seawater baths averaged 0.6 ± 
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0.3°C (mean ± standard deviation) in 2017 and 0.9 ± 0.2°C in 2018. Chambers of various sizes 

(3.7-, 20-, 60-, 120-, and 180-ml glass jars) were used to accommodate different-sized individuals 

such that the estimated body volume of each organism did not exceed ~10% of the chamber 

volume. After organisms were acclimated to experimental conditions for 12 to 24 hours to 

minimize stress response, each chamber was sealed ensuring no air bubbles were trapped, and re

immersed in a water bath to maintain a constant temperature. Organisms were not fed during the 

acclimation period or incubations to avoid postprandial effects on metabolic rate (Chapelle et al. 

1994). Therefore, these measurements of MO2 estimate the lower bound of carbon consumption 

for these organisms, given that metabolic rates typically increase following feeding (i.e., a 

postprandial effect; Brockington and Clarke 2001; Sejr et al. 2004). In addition, the species inhabit 

different sediment depths and exhibit different burrowing behaviors in situ, which may have 

influenced species-specific responses to incubation conditions in the absence of sediment for 

burrowing.

For each incubation, three control chambers (0.2-μm filtered seawater only) of each 

chamber size were incubated in the water bath alongside the experimental chambers containing 

organisms. Oxygen concentration of each chamber was measured every 10 to 60 minutes. Average 

initial oxygen concentration in all incubations was 344.7 μmol O2 L-1 (ranging from 310.9 to 371.8 

μmol O2 L-1). The incubation of each individual chamber was terminated when oxygen 

concentration declined by ~20% of the initial concentration. For some individuals, the target ratio 

of body volume:chamber volume was exceeded, and oxygen levels declined too rapidly to ensure 

high-quality data; therefore, data were discarded for incubations lasting less than 1.75 hours. 

Incubations lasted on average 8.2 hours (ranging from 1.8 to 13.1 hours). In 2017, incubations 

were repeated three times per individual to quantify the variability in respiration rate within an 
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individual. Replicate incubations took place on successive days, and between experiments the 

organisms were held without food in open experimental chambers submerged in the aerated water 

bath. The respiration chambers were sealed with freshly filtered and aerated seawater for each new 

incubation. In 2018, triplicate incubations were only performed for a subset of individuals from 

taxa that were not sampled the previous year.

After incubations, bivalve length was measured at the longest part of the shell (Table 3.2). 

Length was not measured for amphipods. Organisms were then individually frozen whole at -80°C. 

Samples were transported to the laboratory at the University of Alaska Fairbanks and stored at 

-20°C for further analysis. Wet mass was measured on thawed, whole organisms. The volume of 

water in each chamber was determined based on mass measurements. The thawed organism was 

placed in its original incubation chamber filled with freshwater, and the mass was determined. The 

mass of water in each chamber was calculated as the mass of the chamber + organism subtracted 

from the mass of the chamber + organism + water. This water mass was then converted to water 

volume using a conversion of 1 ml equals 1 g.

Dry mass of each individual was determined by drying at 60°C until constant mass was 

achieved. Ash-free dry mass (AFDM) was measured by igniting each individual at 500°C for 6 

hrs. For amphipods, dry mass and AFDM were measured on whole individuals. For bivalves, the 

soft tissue was removed from the shell, and dry mass and AFDM were measured for the soft tissue 

only.

Data analysis

The linear regression of wet mass versus AFDM was calculated on log-transformed data 

for all bivalve species taken collectively and for Ampelisca macrocephala individually, allowing 
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metabolic rates measured here in terms of AFDM to be applied to published estimates of wet 

biomass from other field studies. Regressions were then expressed as power functions to represent 

the original data displayed on a log-log scale.

Respiration rates of individuals are typically altered during an initial period of acclimation 

to the sealed chamber due to handling stress, and the length of this period is variable (Peck and 

Conway 2000). The data trend during this acclimation period typically has a different slope than 

the rest of the incubation. The acclimation period for each individual was thus identified and 

removed by detecting a breakpoint in the broken-line slope of the linear regression model using a 

boot-strapped approach, as implemented in the segmented function from the segmented package 

in R (Muggeo 2008). Outliers were also identified and removed when standardized residuals were 

less than -2 or greater than +2. The oxygen consumption rate (MO2; μmol O2 L-1 min-1) of each 

individual was then calculated from the linear regression of oxygen concentration versus time. 

When oxygen concentration significantly changed in the controls, the average rate of the three 

controls was subtracted from the measured macrofaunal rates of the same incubation to account 

for background respiration (e.g., by bacteria) or background production. The average rate of 

change of oxygen concentration in controls was -0.002 μmol O2 L-1 min-1 (ranging from -0.015 to 

+0.013μmol O2 L-1 min-1).

Rates were converted to μmol O2 hr-1 based on the volume of water contained in each 

incubation chamber. To model the relationship between MO2 and AFDM, regressions were 

calculated on log-transformed data for each taxonomic group:

log MO2 = b * log M + log a

where MO2 is the respiration rate (standard metabolic rate), b is the slope, M is the AFDM, and 

log a is the y-intercept. The y-intercept (log a) is the metabolic constant and reflects differences in 
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the magnitude of the respiration rate among species. The slope (b) is the metabolic scaling 

coefficient, relating respiration rate to biomass. Regression equations were then expressed as a 

power function to represent the original data plotted on a log-log scale:

MO2 =aMb

where a is the y-intercept at x = 1 on the log-log scale, M is the AFDM, and b is the slope. To 

estimate carbon consumption required to support standard metabolic demand, MO2 was converted 

to units of carbon respired (μg C individual-1 day-1) based on a respiratory quotient of 0.8 (Witte 

and Graf 1996; Kędra et al. 2010).

Mass-specific metabolic rates were calculated by dividing the oxygen uptake rate of each 

individual by its respective AFDM. Linear regressions on log-transformed data were also 

calculated for the relationship between mass-specific oxygen uptake rate and AFDM for each 

taxonomic group and expressed as a power function.

Differences in the intercepts and the slopes of the linear models among species and between 

years were examined with analysis of covariance (ANCOVA) and Tukey's post hoc test. All 

analyses were performed in R Studio, and the glht function from the multcomp package was used 

for Tukey's post hoc (Hothorn et al. 2008). For all comparisons, α = 0.05.

Ratios of average measured body length (our study) to maximum length achievable in the 

field (from the literature) were also calculated to illustrate the potential relationship between 

metabolic demand and age.

Results

Wet mass and AFDM were strongly related for all bivalve species taken collectively and 

for A. macrocephala individually; therefore, oxygen uptake rates are presented relative to AFDM.
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The mass conversion relationship was y = 0.09x1.00 (n = 75, R2 = 0.95, p < 0.001) for bivalves 

(Supplementary Figure 3.1a) and y = 0.14x0.69 (n = 14, R2 = 0.90, p < 0.001) for A. macrocephala 

(Supplementary Figure 3.1b), where y is AFDM (g) and x is wet mass (g). Replicate incubations 

conducted with the same individuals showed little variability in MO2 based on low coefficients of 

variation (CV; Table 3.2), with no consistent increasing or decreasing trend in MO2 over the three 

days of incubations.

Macoma sp. and Serripes groenlandicus were incubated in both years, with slight 

differences in the average incubation temperature (0.6 ± 0.3°C in 2017 and 0.9 ± 0.2°C in 2018). 

The slopes (F1,22 = 0.09, p = 0.77) and intercepts (F1,23 = 1.01, p = 0.32) of the regression 

relationships relating MO2 and AFDM were not significantly different between years for S. 

groenlandicus (Figure 3.2), indicating no interannual variation, even with the small difference in 

temperature. Therefore, a single regression is reported for S. groenlandicus (Table 3.2). The slopes 

(F1,22 = 1.33, p = 0.26) for Macoma sp. were not significantly different between years, however, 

the intercepts (F1,23 = 21.30, p <0.001) were significantly higher in 2018 compared to 2017, and 

separate regression relationships are reported for each year (Table 3.2). For Macoma sp., we thus 

present the regression relationships for each year separately, as well as the pooled 2017 and 2018 

data, which provide an average value for ease of comparison among species.

There were significant differences in the slopes (F5,81 = 4.47, p = 0.001) and intercepts 

(F5,86 = 43.40, p < 0.001) for the regressions relating MO2 and AFDM (Figure 3.3a) for all six 

species (pooled among years). The slope of S. groenlandicus was significantly higher than that of 

Astarte sp., Macoma sp., H. arctica, and N. pernula (Table 3.3). Although the slope of A. 

macrocephala (0.77) was lower than that of N. pernula (0.81) and the same as that of Astarte sp., 

the standard error of the parameter estimate for A. macrocephala was high (0.06), likely reducing 
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the discriminatory power of the post hoc test. The difference was greatest between the slopes of 

Macoma sp. and S. groenlandicus, both of which deviated from the ¾-power law for metabolic 

scaling coefficients (Table 3.2). The post hoc test showed the intercept of S. groenlandicus was 

significantly higher than that of the other five species (Table 3.4). Over the range of sizes of 

individuals incubated, MO2 of S. groenlandicus was consistently higher than that of A. 

macrocephala, H. arctica, N. pernula, and Astarte sp. (Figure 3.3). The intercept for A. 

macrocephala was significantly higher than that of Macoma sp., Astarte sp., and N. pernula (Table 

3.4). Additionally, the intercepts of H. arctica and Macoma sp. were significantly higher than that 

of Astarte sp. (Table 3.4).

While MO2 of S. groenlandicus did not differ between sampling years, evidence of spatial 

variation was observed. Lower MO2 rates were recorded in individuals collected at station CNL3 

compared to individuals from the other stations (Figure 3.4). The slopes (F1,22 = 6.28, p = 0.15) 

and intercepts were significantly different (F1,23 = 79.98, p < 0.001).

Mass-specific respiration rates declined rapidly with increasing body size for all species 

except S. groenlandicus (Figures 3.3b). The slope for S. groenlandicus was not significantly 

different from zero (t = -0.82, p = 0.42), while for all other taxa slopes ranged from -0.19 to -0.48. 

There were statistical differences in average mass-specific respiration rates among the species 

(F5, 87 = 25.75, p <0.001; Figure 3.5). Serripes groenlandicus had a significantly higher rate than 

the other five species, and the rate for A. macrocephala was significantly higher than Macoma sp., 

Astarte sp., and N. pernula (Figure 3.5).
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Discussion

We measured oxygen consumption rates of six dominant macrofauna from the northern 

Bering Sea and southern Chukchi Sea shelves to determine metabolic demand and organic carbon 

consumption. Overall, we observed taxonomic variability in metabolic demand with average mass

specific MO2 rates ranging from 2.1 to 9.5 μmol O2 hr-1 g-1, highlighting the need for species

specific measurements to improve estimates of organic carbon consumption by the benthos. 

Metabolic scaling coefficients (i.e., slope) also varied among species.

Inter- and intraspecific variation in metabolic rates

We found species-specific standard metabolic rates (MO2), indicating a wide range in the 

amount of organic material that benthic species need to consume to maintain baseline metabolic 

function. For example, the metabolic demand of a hypothetical S. groenlandicus with 0.1 g AFDM 

would be 4.3 times higher than that of a similarly sized individual Astarte sp. These rates likely 

represent conservative estimates of organic carbon consumption. In polar regions, benthic 

organisms exhibit low metabolic rates when food availability is low, which then increase in 

response to phytodetrital inputs or elevated food concentrations (Brockington and Clarke 2001; 

Sejr et al. 2004).

For the bivalves, these differences in respiration rate among species may be related to the 

age or life stage of the individuals sampled. The individuals of all species used in our experiments 

were relatively similar in size (Table 3.2); however, the maximum achievable length observed in 

the field varies among species, such that incubated individuals may have been juveniles in some 

cases. We calculated the ratio of measured body length to maximum achievable length as a proxy 

to illustrate this relationship (Table 3.2). In particular, S. groenlandicus had the highest average 
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MO2, but the lowest average measured length to maximum achievable length ratio of only 0.15. 

Individuals were mostly small compared to their large maximum achievable size of up to 100 mm 

in shell length (Lubinsky 1980; Kilada et al. 2007). In contrast, Astarte sp. had the lowest MO2 and 

the highest average length to maximum achievable length ratio of 0.64. Astarte sp. reach maximum 

lengths of only 30 mm, but rarely exceed 15 mm (Madsen 1949; Schaefer et al. 1985), so our 

individuals were closer to their maximum size compared to S. groenlandicus. Overall, individuals 

selected were likely of different life stages and ages, which can impact respiration rates (Sukhotin 

and Portner 2001). For instance, all S. groenlandicus individuals were smaller than 22 mm in 

length, which is smaller than the typical size at sexual maturity (Kilada et al. 2007), indicating 

these individuals were likely all juveniles. A more rapid growth rate that would be expected in 

these juveniles would thus contribute to the higher MO2 measured for this species.

In Young Sound, NE Greenland, the respiration rates of 26 individuals of H. arctica were 

measured at -1.3°C with a constant food supply (Sejr et al. 2004). Adjusting for the differences in 

temperature using Q10 = 3.64 (Peck and Conway 2000) and feeding conditions (using an equation 

from Sejr et al. 2004), MO2 for a 0.5 g H. arctica was two times higher in our study compared to 

that observed in Sejr et al. (2004). Conspecific metabolic rates vary due to numerous factors, such 

as genotype or environmental conditions during early life stages (Burton et al. 2011). The 

discrepancies between the rates measured in these studies could also be due to temperature 

compensation (Rastrick and Whiteley 2011) or other factors related to differences in experimental 

design.

The metabolic scaling coefficient, which relates metabolic rate to body mass, is broadly 

estimated to be 0.75 in a wide variety of taxa (Kleiber 1932). However, deviations from the ‘3/4- 

power law' occur for a variety of reasons in both intra- and interspecific metabolic studies (Glazier 
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2005). The metabolic scaling coefficient was close to 0.75 for three of the species measured here, 

H. arctica, Astarte sp., and A. macrocephala (Table 3.2), but was much higher for S. groenlandicus 

(b = 0.94) and lower for Macoma sp. (b = 0.52). Here again, life stage may be a factor for the high 

metabolic scaling coefficient of S. groenlandicus. Metabolic scaling is often higher in juveniles 

compared to adults, likely due to greater energetic demands of rapid growth as opposed to somatic 

tissue maintenance (Glazier 2005). In 2017, we additionally measured the respiration rates of four 

large S. groenlandicus individuals ranging from 40.6 to 60.0 mm length, which were likely mature 

adults (Supplementary Figure 3.2). When MO2 was calculated for pooled juvenile and adult 

individuals, the scaling coefficient declined from b = 0.94 to b = 0.85, suggesting the rate of change 

of respiration rate with increasing body mass is higher for juveniles than adults (adults-only 

exponent was b = 0.81; Supplementary Figure 3.2). Additionally, the slope of the mass-specific 

oxygen consumption rate for S. groenlandicus juveniles was not significantly different from zero, 

suggesting that the mass-specific respiration rate does not change with increasing biomass. 

Ontogenetic shifts are known to occur in mass-specific metabolic scaling from near isometry (b = 

0) to allometry (b < 0), relating to changes in body shape (Glazier et al. 2015).

Potential environmental effects on metabolic rate

Although we did not sample with the intent to evaluate interannual variability in metabolic 

rates, we were able to compare data from two years for two species. The small temperature 

variation in our treatments for each year of about 0.3°C complicates interpretation of this result 

given the direct effect of temperature on metabolic rate (Peck et al. 2002; Clarke and Fraser 2004; 

Trigos et al. 2015). Nonetheless, the respiration rates of S. groenlandicus were not significantly 

different between years, suggesting the temperature difference did not affect our results. Relative 
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thermal independence of metabolic rate has been observed in other benthic species. For instance, 

the respiration rate of the amphipod Anonyx nugax remained constant over the temperature range 

1-3°C, suggesting metabolic adaptation to natural variability in environmental conditions 

(Opalinski and Weslawksi 1989). In contrast, MO2 of Macoma sp. was significantly higher in 2018. 

However, if the increased respiration rates were strictly due to temperature, the effect we observed 

would indicate a Q10 of 36,730, which is well beyond typical values (McMahon and Wilson 1981; 

Peck and Conway 2000), suggesting other factors produced this result. Most individuals were 

collected at different stations in each year, making it difficult to tease apart spatial from temporal 

differences in the environment as possible influences. Total organic carbon (TOC) concentration 

was roughly five times higher at station DBO 3.8, where most individuals were collected in 2018, 

compared to station CNL 3, where most individuals were collected in 2017, but TOC values were 

not substantially different between years at either station (Chapter 1). In contrast, chlorophyll-a 

concentrations in surface sediments were substantially higher in 2017 than in 2018 at both stations 

due to the timing of ice retreat. Thus, the feeding environment in situ may have played a role in 

producing the interannual differences in MO2 for Macoma sp. Alternatively, this species may 

simply lack temperature compensation (cf., Rastrick and Whiteley 2011). Regardless, the 

experimental temperature difference between the two years is small compared to the seasonal and 

interannual fluctuations experienced in the region (Danielson et al. 2020a).

While the MO2 of S. groenlandicus did not differ between years, evidence of spatial 

variation was observed, with individuals from one sampling station (CNL3; Figure 3.1) exhibiting 

lower MO2 compared to individuals from the other stations. This difference may reflect 

physiological differences related to environmental factors. Intraspecific variation in respiration 

rate can be related to a variety of factors, such as environmental conditions during early 
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development (Burton et al. 2011). Growth rate of S. groenlandicus also varies spatially due to 

environmental conditions, which likely reflect variations in trophic conditions, and has thus been 

proposed as an indicator of environmental change (Ambrose et al. 2006; Kilada et al. 2007; Carroll 

et al. 2009; Gerasimova et al. 2019). While the average depth and other physical variables did not 

vary substantially at the sampling locations where S. groenlandicus was collected (Table 3.1), 

sandier sediment and a lower C:N ratio were observed at station CNL3 compared to the other 

locations (Chapter 1). Both of these variables may reflect feeding conditions, potentially as a 

function of hydrodynamics at this site, where current speeds are high due to the constriction of 

flow through the Bering Strait (Danielson et al. 2014). The reduced metabolic rate at the sandier 

CNL3 site seems to contradict evidence of a slower growth rate at stations with high silt fraction 

reported elsewhere (Gerasimova et al. 2019). However, growth rates and basal metabolic rates do 

not always align (Sebens 2002). This spatial difference highlights a need to measure respiration 

rates from across the region of interest. Individuals with low respiration rates may be buffered 

against environmental conditions due to their low maintenance costs, which may yield greater 

fitness in poor trophic conditions (Burton et al. 2011). Not accounting for spatial variability in 

metabolic rate may bias modeling estimates of regional carbon demand and food web dynamics.

In contrast to S. groenlandicus, Macoma sp. collected from station CNL3 showed no clear 

impact of station on respiration rate. However, growth rate of Macoma sp. may be less sensitive 

to environmental conditions than S. groenlandicus (Gerasimova et al. 2019) and may be buffered 

against environmental variability.
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where R1 is the measured respiration rate at the initial temperature (T1 = 0.9°C) and R2 is the 

calculated respiration rate at the projected temperature (T2 = 5°C). These calculated rates provide 

an estimate of the increase in carbon demand under projected future warming scenarios. Indeed, 

bottom-water temperatures of 4°C are already occurring in the Bering Strait region (Huntington et 

al. 2020). At a projected future temperature of 5°C, average mass-specific MO2 would increase by 

48-70% to a value of 14.0-16.1 μmol O2 hr-1 g-1 for S. groenlandicus, 9.7-11.2 μmol O2 hr-1 g-1 for 

A. macrocephala, 6.2- 7.2 μmol O2 hr-1 g-1 for H. arctica, 4.8- 5.6 μmol O2 hr-1 g-1 for N. pernula, 

4.6.-5.3 μmol O2 hr-1 g-1 for Macoma sp., and 3.1-3.6 μmol O2 hr-1 g-1 for Astarte sp., again 

assuming Q10 values between 2.56 to 3.64 (Peck and Conway 2000) and that an upper critical 

temperature limit has not been exceeded (Peck et al. 2002). Additionally, Q10 likely varies among 

the species and over different temperature ranges.

With this increase in standard metabolic demand and a potential decline in phytodetrital 

input to the seafloor (Lee et al. 2013; Moore and Stabeno 2015; Lovvorn et al. 2016), carbon
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Implications for benthic ecosystem functioning

Environmental changes are already resulting in temperature increases, changes in primary 

production, and shifts in benthic species composition, structure, and biomass. Species-specific 

respiration rates suggest these changes will alter organic matter processing and carbon flow 

pathways in the Pacific-Arctic benthos.

Metabolic rate increases with increasing temperature up to an optimal range. Respiration 

rates were used to estimate the expected increase in metabolic demand of each taxonomic group 

at a projected future temperature of 5°C (Mora et al. 2013), assuming Q10 values between 2.56 and 

3.64 (Peck and Conway 2000) following the equation:



reserves in the sediment may become depleted, although there are some projections of increased 

primary production and input to the seafloor in this region (Grebmeier et al. 2015). Temperature- 

induced increases in metabolic demand coupled with low food availability can result in 

reproductive failure, death, and a subsequent decline in benthic production and biomass (Hummel 

et al. 2000). If input of organic carbon to the benthos declines and carbon resources in the 

sediments are depleted, biomass of bivalves and amphipods in persistent macrobenthic hotspots 

may then decline, with deleterious impacts on upper trophic levels, such as benthic-feeding marine 

mammals and birds that depend on these prey items. For instance, in the northern Bering Sea shelf, 

decline of the spectacled eider (Somateria fischeri) population has been associated with a reduction 

in the biomass of bivalve populations that serve as critical prey for these birds (Lovvorn et al. 

2009).

However, species with low metabolic demand may be more adapted to this low-food future 

scenario. Nuculanidae (which includes N. pernula) currently dominate in the northern region of 

our study area (Denisenko and Grebmeier 2015). The relatively low respiration rate, and thus low 

metabolic demand, of N. pernula may leave it preadapted to the lower-productivity waters of this 

area, which is influenced by the Alaska Coastal Water. This low metabolic demand may confer a 

physiological competitive advantage over other taxonomic groups with higher carbon 

requirements (Burton et al. 2011; McClain et al. 2020). Therefore, we hypothesize that species 

with low metabolic rates, such as Astarte sp. and N. pernula, may dominate under a low-food 

scenario given their reduced organic carbon requirements necessary to maintain metabolic 

function. In contrast, species with high metabolic rates, such as S. groenlandicus and A. 

macrocephala, may be hindered by higher carbon demands and become food limited. In response 

to ocean warming, spatial shifts in the frequency and abundance of species associated with 
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differing physiological tolerances have already been identified in many other regions (Sunday et 

al. 2012).

In the Arctic, emerging evidence indicates environmental change has influenced the 

distribution of macrofaunal biomass, with declining biomass in some areas and increasing biomass 

in others (Moore et al. 2018; Goethel et al. 2019). In addition to changes in overall biomass, shifts 

in community structure and composition are occurring (Grebmeier 2012; Waga et al. 2020). Shifts 

in dominant species could impact community metabolic demand even if total biomass remained 

constant. For instance, if S. groenlandicus were outcompeted and replaced by N. pernula, carbon 

demand would decline given the lower MO2 of N. pernula.

In conclusion, the average mass-specific MO2 of sampled species ranged from 2.1 to 9.5 

μmol O2 hr-1 g-1, with species-specific differences up to 4.3 times for a 0.1 g AFDM individual. 

These differences in MO2 have implications for the overall carbon demand of the benthic infaunal 

community as assemblages will likely continue to change under future climate scenarios.
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Tables and Figures

Table 3.1: Station locations in the northern Bering and southern Chukchi sea in 2017 and 2018, depth (m), near-bottom 
water temperature from CTD (°C), near-bottom water salinity from CTD, and numbers of individuals sampled, by 
taxon.

Year Station
Latitude 
(°N)

Longitude
(°W)

Depth
(m)

Temperature 
(°C)

Salinity Macoma
sp.

Serripes 
groenlandicus

Astarte 
sp.

Hiatella 
arctica

Nuculana 
pernula

Ampelisca 
macrocephala

2017 (N = 15) (N = 9)

CL3 69.03 -168.89 52 2.4 32.8 5
CNL3 66.50 -168.96 56 2.2 32.6 9 1
DBO3.6 67.90 -168.24 59 3.9 32.9 4 2
DBO3.8 67.67 -168.73 50 2.0 32.8 2 1

2018 (N = 11) (N = 17) (N = 6) (N = 5) (N = 12) (N = 14)

CBW5 64.15 -171.51 46 0.5 32.3 6 2
CL1 68.95 -166.91 46 0.0 31.9 3
CL3 69.03 -168.89 54 -0.6 32.4 10 6
CNL3 66.50 -168.96 56 1.9 32.5 3 5
DBO2.2 64.68 -169.10 46 2.4 32.3 6
DBO2.4 64.96 -169.89 48 1.6 32.4 2 2
DBO2.5 64.99 -169.14 48 2.8 32.8 6
DBO3.3 68.19 -167.31 48 0.5 32.5 3
DBO3.8 67.67 -168.96 51 1.5 32.8 8
IL4 67.40 -165.84 39 2.1 32.5 3
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Table 3.2: Power functions of oxygen uptake rate (μmol O2 h-1) versus ash-free dry mass (g) for taxonomic groups 
incubated in both years with the R2, p-values, and number of individuals (N) associated with each regression; range 
of maximum length of individuals incubated in each group (mm); average length of incubated individuals (mm ± 
standard deviation); maximum achievable length (mm) measured in the field taken from the literature; average length 
to maximum achievable length ratios; average coefficient of variation (CV ± standard deviation) of oxygen uptake 
rates (MO2; μmol O2 h-1) for individuals incubated in triplicate with number of individuals in parentheses; and average 
mass-specific MO2 (μmol O2 hr-1 g-1 ± standard deviation). Macrofaunal individuals were collected in the northern 
Bering and southern Chukchi seas in 2017 and 2018.

Species Equation R2 p-value N Length range

(mm)

Average 

length

(mm)

Maximum 

length

(mm)*

Avg. length : 

max. length 

ratio

Average CV

of MO2

Average mass

specific MOi (μmol
O2 hr-1 g-1)

Macoma sp. 1.43mαss0∙52 0.68 <0.001 26 14.60 - 57.40 29.3 ± 9.1 57 0.51 0.13 ± 0.11
(n = 15)

3.1 ± 1.7

2017 Macoma sp. 1.06mαss0'44 0.78 <0.001 15
2018 Macoma sp. 1∙96mαss0∙57 0.82 <0.001 11

S. groenlandicus 7.63mass0∙94 0.88 <0.001 26 7.40 - 21.80 14.7 ± 4.6 100 0.15 0.14 ± 0.08
(n = 9)

9.5 ± 2.7

S. groenlandicus 
from CNL3

1.85mass0∙67 0.95 0.001 6

S. groenlandicus 
excluding CNL3

7.75mass0∙89 0.97 <0.001 20

Astarte sp. 1∙19mass0∙77 0.99 <0.001 6 11.05 - 24.05 19.3 ± 4.2 30 0.64 0.14 ± 0.04
(n = 5)

2.1 ± 0.5

Hiatella arctica 2.30mass0∙74 0.96 0.003 5 9.04 - 31.75 19.6 ± 8.0 45 0.43 0.15 ± 0.04
(n = 5)

4.2 ± 1.8

Nuculana pernula 1.74mass0∙81 0.99 <0.001 12 10.25 - 31.10 17.6 ± 6.4 30 0.59 0.093 ± 0.04
(n = 3)

3.3 ± 0.7

Ampelisca macrocephala 2.87mass0∙77 0.93 <0.001 14 0.22 ± 0.17
(n = 4)

6.6 ± 1.5

* (Madsen 1949; Lubinsky 1980; Hutchings and Haedrich 1984; Schaefer et al. 1985; Sejr et al. 2002; Sejr and 
Christensen 2007; Kilada et al. 2007)
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Table 3.3: Tukey post hoc test statistic (t-value) for significant comparisons of slopes of the linear regressions of log- 
transformed oxygen uptake rate (MO2; μmol O2 h-1) versus ash-free dry mass (g). See Table 3.2 for equations and 
Figure 3.3a for plots.

Comparison t-value p-value

S. groenlandicus > Macoma sp. 10.41 <0.001

S. groenlandicus > Astarte sp. 4.69 <0.001

S. groenlandicus > H. arctica 3.84 0.003

S. groenlandicus > N. pernula 4.23 <0.001

151



Table 3.4: Tukey post hoc test statistic (t-value) for significant comparisons of y-intercepts of the linear regressions 
of log-transformed oxygen uptake rate (μmol O2 h-1) versus ash-free dry mass (g). See Table 3.2 for equations and 
Figure 3.3a for plots.

Comparison t-value p-value

S. groenlandicus > Macoma sp. 10.35 <0.001

S. groenlandicus > Astarte sp. 10.20 <0.001

S. groenlandicus > N. pernula 10.56 <0.001

S. groenlandicus > H. arctica 4.64 <0.001

S. groenlandicus > A. macrocephala 4.86 <0.001

A. macrocephala > Macoma sp. 3.34 0.014

A. macrocephala > Astarte sp. 5.83 <0.001

A. macrocephala > N. pernula 5.18 <0.001

H. arctica > Astarte sp. 3.83 0.003

Macoma sp. > Astarte sp. 3.53 0.008
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Figure 3.1: Sampling locations in the northern Bering Sea and southern Chukchi Sea shelves with 2017 in closed 
circles and 2018 in open circles.

153



Figure 3.2: (a) Oxygen uptake rate (μmol O2 h-1) and (b) mass-specific oxygen uptake rate (μmol O2 h-1 g-1) versus 
ash-free dry mass (g) for 2017 Macoma sp. (black open squares, N = 15), 2018 Macoma sp. (black closed squares, N 
= 11), 2017 Serripes groenlandicus (red open circles, N = 9), and 2018 S. groenlandicus (red closed circles, N = 18). 
Dotted lines represent regressions of each species in 2017, and solid lines represent regressions in 2018. Individuals 
were collected in the northern Bering and southern Chukchi seas.
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Figure 3.3: (a) Oxygen uptake rate (μmol O2 h-1) and (b) mass-specific oxygen uptake rate (μmol O2 h-1 g-1) versus 
ash-free dry mass (g) for pooled Macoma sp. (2017 in open black squares, N = 15; 2018 individuals in closed black 
squares, N = 11); pooled Serripes groenlandicus (2017 individuals in open red circles, N = 9; 2018 individuals in 
closed red circles, N = 17); and 2018 Astarte sp. (green diamonds, N = 6), Hiatella arctica (purple upright triangles, 
N = 5), Nuculana pernula (yellow upside-down triangles, N = 12), and Ampelisca macrocephala (blue asterisks, N = 
14). Individuals were collected in the northern Bering and southern Chukchi seas.
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Figure 3.4: Serripes groenlandicus from sampling station CNL3 in open circles and individuals from all other stations 
in closed circles for both 2017 and 2018. Individuals were collected from stations in the northern Bering and southern 
Chukchi seas.
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Figure 3.5: Average mass-specific respiration rates (μmol O2 hr-1 g-1) for each species with standard deviations 
represented by error bars. Serripes groenlandicus had a significantly higher rate than Macoma sp. (t = 9.6, p < 0.001), 
Astarte sp. (t = 6.8, p < 0.001), N. pernula (t = 7.3, p < 0.001), H. arctica (t = 4.3, p <0.001), and A. macrocephala (t 
= 3.1, p = 0.028). The rate for A. macrocephala was significantly higher than Macoma sp. (t = 4.7, p <0 .001), Astarte 
sp. (t = 4.2, p < 0 .001), and N. pernula (t = 3.8, p = 0.003). Individuals were collected in the northern Bering and 
southern Chukchi seas.
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Supplementary Figures

Supplemental Figure 3.1: (a) Relationship between wet mass of whole bivalve including the shell (g) and the ash-free 
dry mass of the tissue without the shell (g) of all bivalves incubated. Power function is y = 0.09x1.00 (n = 75, R2 = 0.95, 
p < 0.001). 2017 Macoma sp. (black open squares, N = 15), 2018 Macoma sp. (black squares, N = 11), 2017 Serripes 
groenlandicus (red open circles, N = 9), 2018 Serripes groenlandicus (red circles, N = 18), Astarte sp. (green 
diamonds, N = 6), Hiatella arctica (purple upright triangles, N = 5), and Nuculana pernula (yellow upside-down 
triangles; N = 12). (b) Relationship between wet mass (g) and the ash-free dry mass (g) of whole Ampelisca 
macrocephala. Power function is y = 0.14x0.69 (N = 14, R2 = 0.90, p < 0.001). Individuals were collected in the northern 
Bering and southern Chukchi seas.
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Supplemental Figure 3.2: Oxygen uptake rate (μmol O2 h-1) versus ash-free dry mass (g) for Serripes groenlandicus 
(2017 individuals in open circles and 2018 individuals in closed circles) with 26 juveniles and 4 adults. Power function 
is R = 5.77mass0.85 (R2 = 0.95, p < 0.001). Individuals were collected in the northern Bering and southern Chukchi 
seas.
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General Conclusion

The Pacific Arctic is a highly productive marine system, with nutrient-rich water fueling 

substantial pelagic primary production. Much of this production fluxes to the shallow seafloor, 

supporting high benthic biomass and a robust benthic-dominated food web (Moore and Stabeno 

2015; Grebmeier et al. 2015b). These benthic hotspots provide critical food sources for upper 

trophic levels, including marine mammals and birds (Fay 1982; Lovvorn et al. 2003; Grebmeier et 

al. 2015b). However, the Pacific Arctic is experiencing rapid environmental change, with 

unprecedented conditions in recent years (Grebmeier et al. 2018; Huntington et al. 2020; Baker et 

al. 2020b). These changes threaten the current ecosystem structure and function (Grebmeier 2012; 

Moore et al. 2018; Goethel et al. 2019; Waga et al. 2020). Regional-specific ecosystem models are 

critical tools used to predict the potential impacts of such changes, and local community metrics 

and biological process rates are needed to constrain these models.

The research presented in this dissertation was part of the Arctic Shelf Growth, Advection, 

Respiration, and Deposition (ASGARD) component of the North Pacific Research Board's 

(NPRB) Arctic Integrated Ecosystem Research Project (Arctic IERP). The Arctic IERP included 

research on physical processes, pelagic primary and secondary production, particle flux, the 

benthos, and upper trophic levels, including fishes, birds, and marine mammals (Baker et al. 

2020a). For instance, trends in physical processes, including heat flux, seasonal ice cover, and 

water temperature, were assessed (Baker et al. 2020b; Danielson et al. 2020). The impacts of 

changes in sea ice and ocean properties on nutrients were quantified (Mordy et al. 2020). Multiple 

primary production layers throughout the water column were identified (Stabeno et al. 2020b), and 

understanding of seasonal production (Lalande et al. 2020) and flux out of the water column were 

improved (O'Daly et al. 2020). Upper trophic levels in the pelagic realm, such as fishes, were also 
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analyzed (Logerwell et al. 2020). Additionally, collaborative analyses of the impacts of 

environmental change on coastal communities were conducted (Huntington et al. 2021).

As a component of the Arctic IERP, the overall goal of this dissertation was to characterize 

benthic community structure and function and quantify benthic process rates in the northern Bering 

Sea and southern Chukchi Sea continental shelves. In Chapter 1, polychaete functional traits were 

linked to habitat characteristics, including grain size, current speed, and organic matter input. 

Meiofaunal community metrics and meiofaunal- and macrofaunal-sized nematode composition 

and function were analyzed in Chapter 2. In Chapter 3, organic matter consumption and carbon 

demand were quantified based on oxygen consumption rates of individual macrofauna.

Chapter 1 summary: Polychaete functional traits

Polychaetes are often numerically dominant within the macrofauna and serve critical roles 

in benthic ecosystem function. Macrofauna samples were collected from 12 stations in June 2017 

and 11 stations in June 2018. Polychaetes were identified to family and assigned a functional guild 

based on feeding mode, motility, and feeding structures. Four clusters of polychaete functional 

guilds were identified. The depositional environment, characterized by grain size, current speed, 

and organic matter quantity and quality, structured the spatial patterns and vertical distribution of 

polychaete functional guild assemblages throughout the Pacific Arctic. These patterns likely 

impact trophic dynamics and biogeochemical and carbon cycling within the sediment, and a 

conceptual model was presented to inform ecosystem modeling.
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Chapter 2 summary: Meiofaunal- and macrofaunal-sized nematodes

Meiofauna, especially nematodes, also serve critical roles in ecosystem function and serve 

as bioindicators of environmental change. However, meiofauna remain poorly studied in the 

Pacific Arctic, and baseline data to assess change are lacking. Meiofauna sediment samples were 

collected at ten stations in June 2018. Total meiofauna abundance ranged from 1,449 to 12,875 

ind. 10 cm-2 and was highest in the northern, offshore Chukchi Sea stations. A subsample of 

meiofaunal-sized (63-500 μm) and macrofaunal-sized (>500 μm) nematodes were identified to 

genus and characterized by trophic feeding group and life-history strategy. Four clusters of 

meiofaunal-sized nematodes were identified occupying different regions of the Pacific Arctic 

shelves, aligning well with the polychaete functional guild clusters identified in Chapter 1. 

Additionally, the meiofaunal- and macrofaunal-sized nematodes represented two unique 

communities. This research provides the first genus-level characterization of nematodes in the 

region and can serve as a baseline for assessing change and constraining regional-specific 

ecosystem models.

Chapter 3 summary: Macrofauna carbon demand

Benthic community responses to environmental change will likely impact flows of energy 

and organic material through the food web. Oxygen consumption rates were used to quantify 

differences in metabolic demand of dominant macrofaunal taxa and estimate the effects of shifting 

community structure on benthic carbon requirements. Closed-system respirometry was conducted 

onboard the R/V Sikuliaq in June 2017 and 2018 on six dominant species of benthic macrofauna, 

including five bivalve species (Macoma sp., Serripes groenlandicus, Astarte sp., Hiatella arctica, 

and Nuculana pernula) and one amphipod species (Ampelisca macrocephala). Carbon demand 
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estimates ranged from 8 to 475 μg C individual-1 day-1 for the species and sizes of individuals 

measured. Species-specific respiration rates suggest that shifts in the spatial distribution of 

macrofauna in the region will impact benthic carbon demand.

Future work

Many data gaps still exist on benthic ecosystem structure and function in the Pacific Arctic. 

Macrofauna composition, abundance, and biomass have been well established for the region 

(Grebmeier et al. 2015b). However, additional research is needed on how these macrofaunal 

communities function and how that function may change seasonally and annually. Additionally, 

polychaetes, presented here, are only one component of the macrofauna. A full assessment of 

macrofauna functioning, such as through biological traits analysis of all major taxa, would improve 

understanding of the macrofaunal component of the ecosystem.

Chapter 2 is the first genus-level characterization of nematode structure and function in the 

northern Bering and southern Chukchi seas and only the second quantification of meiofaunal 

abundance in the region. Thus, additional sampling and quantification of meiofauna are needed to 

build a robust baseline for assessing the impacts of environmental change. Additional sampling 

should include improved spatial coverage; assessments of seasonal, annual, and small-scale 

replicate variability; and biomass measurements of subsurface nematodes and other taxonomic 

groups.

Another area of future research should focus on quantifying respiration rates of additional 

macrofauna taxa, as well as meiofauna and epifauna. Additional experiments should be conducted 

to assess the impact of warming temperature, changes to organic matter input, and other 

environmental changes on benthic respiration rates. The partitioning of whole sediment 
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community oxygen consumption into respective benthic components should also be conducted 

since different components of the benthos will likely respond differentially to environmental 

changes.

Implications

Overall, this dissertation provides critical baseline data for the Pacific Arctic benthos, 

including polychaete ecosystem functioning, meiofauna abundance, nematode abundance and 

biomass, nematode ecosystem functioning, and macrofaunal carbon processing rates. This 

improved understanding of the structure and function of the benthos serves as a baseline to evaluate 

environmental change, especially because changes to the benthos will have repercussions 

throughout the entire marine ecosystem. Furthermore, these data can be utilized to constrain 

regional-specific ecosystem models to better predict potential impacts of future environmental 

change on the Pacific Arctic marine ecosystem and inform adaptive management, conservation, 

and policy decisions in a system undergoing rapid physical and biological changes.
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