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The Pacific Arctic has been experiencing rapid environmental change, including 

increasing bottom water temperatures, declining sea ice extent, and ecosystem shifts. In the 

northern Bering Sea (NBS), bottom water temperature was ~1.5°C higher in 2018 than previously 

recorded. Temperature and sea ice dynamics could alter this benthic-dominated system, 

potentially shifting the food web to a more pelagic-dominated system. Bivalves, a key component 

of the benthic macrofaunal community, are important prey items for the spectacled eider in the 

NBS and for walrus in both the NBS and the southeast Chukchi Sea (SEC). Here, data were 

collected and analyzed at established time-series stations in the NBS and SEC as part of the 

Distributed Biological Observatory. The objective was to evaluate changes to bivalve 

communities, and how those relate to overall benthic community shifts and functioning. By using 

both time-series and experimental techniques my research: 1) evaluated past trends in detail for a 

single dominant clam species, Macoma calcarea, 2) tracked the abundance, biomass, and 



 
 

 
 

dominant size class of two dominant bivalve species, M. calcarea and Serripes spp., from 2015-

2019 when drastic physical changes have been observed, and 3) scaled up connections amongst 

the individual biological responses to full macrofaunal community population responses to the 

composite environmental changes using shipboard sediment community oxygen consumption 

(SCOC) incubation and individual respiration experiments. Results indicate that bottom water 

temperature and food availability (measured using sediment chlorophyll-a inventories as a proxy) 

play the largest role in controlling the population dynamics of M. calcarea, and that the 

population is contracting northward in the NBS. In the SEC, results suggest a shift in the hotspot 

of M. calcarea from station UTN5 (north) to UTN2 (south). However, size class results showed a 

larger number of smaller clams in the south and a smaller number of larger clams further north, 

indicating the biomass hotspot likely remains at UTN5. Serripes spp. were prevalent in 2014-

2017, but started to decline in 2018 and 2019. Experimental results demonstrated increased 

SCOC and individual oxygen consumption in higher temperatures, but that there was little effect 

to oxygen consumption when food was added. 
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Figure 3.8 Percentage of the total abundance comprised of Macoma calcarea in the 1.8-

2.4 cm size class, the preferred size class range for spectacled eiders, at each SLIP station 

from 2015-2019.  

Figure 3.9 Abundance (no/m2) of size class (per 0.1 cm length) of Macoma calcarea 

through the years (2015-2019) at the DBO3 stations from south to north. 

Figure 3.10 Abundance (no/m2) of size class (per 0.1 cm length) of Serripes spp. through 

the years (2015-2019) at the DBO3 stations from south to north. 

Chapter 4 

Figure 4.1 Bottom water temperatures in the Distributed Biological Observatory (DBO1) 

region at the St. Lawrence Island Polynya (SLIP) stations from 2000-2019. Black points 

represent one station at one year moving from south to north (SLIP1, 2, 3, 5, 4). Data 

from Grebmeier et al. 2018 and Cooper et al. 2021. 

Figure 4.2 HLY1901 cruise map of the five Distributed Biological Observatory (DBO) 

lines. Stations where sediment core incubation and individual oxygen consumption 

experiments were undertaken are highlighted in green. 

 

Figure 4.3 Conceptual diagram of experimental set-up for sediment chamber incubation 

experiments aboard the United States Coast Guard Cutter Healy for HLY1901. Green 

circles indicate the addition of food into the system. Symbols courtesy of ian.umces.edu. 

Figure 4.4 Boxplots of sediment community oxygen consumption (SCOC) (mmol O2 m
-2 

d-1) at the five stations from the northern Bering Sea northward to the SE Chukchi Sea, 

then northward to the NE Chukchi Sea. The middle lines denote the median SCOC. 

Figure 4.5 (Top) Boxplots of sediment community oxygen consumption (SCOC) (mmol 

O2 m
-2 d-1) calculated using micro-Winkler titrations in ambient (~1°C) and warm 

temperature (~5°C) treatments and (Bottom) SCOC rates calculated using the PreSens for 

the same treatments at the five stations from the northern Bering Sea northward to the SE 

Chukchi Sea, and then northward to the NE Chukchi Sea. The middle lines represent the 

median SCOC and the single black point denotes one outlier in the dataset.  

Figure 4.6 (Top) Boxplots of sediment community oxygen consumption (SCOC) (mmol 

O2 m
-2 d-1) calculated using micro-Winkler titrations in unfed and fed treatments and 

(Bottom) SCOC rates calculated using the PreSens for the same treatments at the five 

stations from the northern Bering Sea northward to the SE Chukchi Sea, then northward 

to the NE Chukchi Sea. The middle lines represent the median SCOC and the single 

black point denotes one outlier in the dataset. 
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Figure 4.7 Boxplots of dominant individual oxygen consumption (mmol O2 h
-1 gC-1) at 

the five stations moving from south to north from the northern Bering Sea northward to 

the SE Chukchi Sea, then northward to the NE Chukchi Sea. Photos depict the dominant 

organism collected and measured at each of the stations (Left to Right: Macoma 

calcarea, Ennucula tenuis, M. calcarea, Ampelisca spp.) The middle line denotes the 

median oxygen consumption and the black point marks one outlier. 

Figure 4.8 Boxplots of dominant individual oxygen consumption (mmol O2 h
-1 gC-1) in 

ambient (~°1C) and warm temperature (5°C) treatments at the five stations from the 

northern Bering Sea northward to the SE Chukchi Sea, and then northward to the NE 

Chukchi Sea.  Photos depict the dominant organism collected and measured at each of the 

stations (Left to Right: Macoma calcarea, Ennucula tenuis, M. calcarea, Ampelisca 

spp.). The middle lines denote the median oxygen consumption. 

Figure 4.9 Boxplots of dominant individual oxygen consumption (mmol O2 h
-1 gC-1) in 

unfed and fed treatments at the five stations from the northern Bering Sea northward to 

the SE Chukchi Sea, and then northward to the NE Chukchi Sea. Photos depict the 

dominant organism collected and measured at each of the stations (Left to Right: 

Macoma calcarea, Ennucula tenuis, M. calcarea, Ampelisca spp.). The middle lines 

denote the median oxygen consumption. 
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Chapter 1: Introduction  

1.1 Rapid Change in the Arctic 

 Climactically, the Arctic is one of the most rapidly changing places on the globe. 

For example, as of 2018 air temperatures are still warming faster than other areas of the 

globe (Osborne et al. 2018). Thick multiyear ice has been replaced by thinner, younger 

ice, and average sea ice extent has continually decreased since 1979 (National Snow and 

Ice Data Center, 2019, Figure 1.1).  

These atmospheric and sea ice changes are being seen throughout the Arctic; however 

different systems within the Arctic (deep basin interior, inflow shelves, interior shelves, 

and outflow shelves) have their own unique ecosystem characteristics, discussed below, 

and more locally can be affected by different changing environmental parameters 

including shifts in temperature, sea ice persistence, and ecosystem composition (Carmack 

and Wassmann 2006).  

1.2 Arctic Inflow Shelves  

The Arctic Ocean is a series of deep basins surrounded by a network of ocean 

shelves (Figure 1.2). There are three types of ocean shelves in the Arctic: inflow, interior, 

and outflow shelves. Broadly the inflow shelves (northern Bering/Chukchi Sea and 

Barents Sea, Figure 1.2) serve as the gateways into the Arctic, and the advection of 

seawater through these shelves acts as one of the largest drivers in the system (e.g. 

Carmack and Wassmann 2006; Hunt et al. 2016, Bluhm et al. 2015, Wassmann et al. 

2015), connecting the Arctic with lower latitude waters and transporting heat, freshwater 

(Pacific Ocean, rivers), nutrients, zooplankton, and detritus. The focal region for my 

dissertation, the Pacific Arctic, is home to one of these inflow shelves, the northern 

Bering and Chukchi Seas, where an inflow of Pacific water through the Bering Strait 
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enters into the Chukchi Sea (~1.1 Sv, Woodgate 2018). The other inflow shelf, the 

Barents Sea, is located in the Atlantic Arctic. This inflow shelf is deeper (on average 

~200 m) than the Chukchi shelf (on average ~50 m) and has a much larger flow of 

Atlantic water into the Interior Arctic (~5 Sv, Schauer et al. 2002).  

The waters advected through these two inflow shelves flow in, subduct or transit 

across and along the shelf break, an important part of the larger circulation patterns, 

creating a prominent role for the marginal seas in the Arctic Ocean (Carmack and 

Wassmann 2006). These inflow currents influence, to varying degrees, the characteristics 

of regional shelf systems. Some shelves are directly influenced by Pacific inflow waters 

(i.e. surface waters of the Chukchi, Beaufort and eastern section of the East Siberian 

seas), while others like the shelf North of Greenland, the central Laptev Sea, and the 

western section of the East Siberian Sea experience less direct effects of the advected 

water through inflow shelves (Williams and Carmack 2015). The other shelf types 

(interior and outflow) depend on the upwelling and mixing of the nutrient rich waters 

advected through the inflow shelves for variable yet overall lower primary production 

(Williams and Carmack 2015).  

High primary production exceeds zooplankton grazing demand in the Chukchi Sea, 

which allows for large amounts of organic material to be deposited to the benthos, 

indicative of the prevalent tight pelagic-benthic coupling in the region (e.g. Grebmeier 

and McRoy 1989, Dunton et al. 2005). The high export of organic material feeds a rich 

benthic community that is higher in biomass than communities found in the Barents Sea 

(Hunt et al. 2016). Benthic-feeding predators (e.g. diving seaducks, walruses, gray 

whales, bearded seals) are prominent in the northern Bering and Chukchi Seas. 
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The high primary production, moderate depth, and advective processes in the 

Barents Sea support large biomasses of boreal zooplankton and fish, which are less 

prevalent in the Chukchi Sea; year-round above freezing temperatures in the 

southwestern and central regions of the Barents Sea could allow for a permanent range 

expansion into the northern and northeastern regions for these SW/central zooplankton 

species. This is less likely on the Pacific side as the shallower depth of the Chukchi Sea 

limits the overwintering of these zooplankton and they are unable to go to depth to 

overwinter and subsequently reproduce (Ershova et al. 2015). In addition, a larger 

percentage of pelagic-feeding predators, such capelin, baleen whales, and seals feed in 

the Barents Sea compared to the Pacific Arctic region.  

As Pacific and Atlantic zooplankton species are advected into the system, and with 

the ongoing warming in the Arctic, they may in the future be able to survive better in 

warmer waters and move permanently into the Arctic, possibly outcompeting resident 

cold-water Arctic species (Ershova et al. 2015). Additionally, on the Pacific side, the 

increase in seawater temperatures could lead to increases in zooplankton grazing through 

enhanced metabolic rates (Coyle et al. 2007), which could weaken the notable pelagic-

benthic coupling of the region, and potentially lead to a lower stock of benthic biomass 

that could limit food availability to benthic predators.  

1.3 The Pacific Arctic’s Role in the Arctic  

The Pacific Arctic region consists of the Bering, Chukchi, Beaufort and East Siberian 

Seas (Figure 1.2). The Bering Sea extends from the Aleutian Arc to Bering Strait, the 

Chukchi Sea extends from Bering Strait to the continental shelf to the Canada Basin, and 

the Beaufort Sea is located east of the Chukchi Sea along the northern coast of 
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Alaska/USA and Canada. These seas play an important role in relation to the other 

shelves and the basins of the Arctic Ocean, as they are the gateway into the region. 

Pacific water circulates clockwise in surface waters of the Canada Basin within the 

Beaufort Gyre, exiting both through the outflow shelves of the Canadian Arctic 

Archipelago and via the Transpolar Drift and out through Fram Strait along the east coast 

of Greenland. Pacific waters have distinct signatures in the Arctic in relation to their 

Atlantic counterparts as they have lower salinities, higher nutrient concentrations, and 

distinct biological communities. The high nutrient supply from Pacific waters flowing 

through the Bering Strait helps to support one of the world ocean’s most productive 

systems (Grebmeier and Maslowski 2014), with open water production up to ~200          

gC m-2 y-1 in the southern Chukchi Sea (Gradinger 2009, Wang et al. 2018).  

Atlantic waters flow at depth throughout the entire Arctic slope and basins, whereas 

the Pacific waters flowing across the Chukchi Sea usually stay within the Canadian 

Basin, the Beaufort and East Siberian shelves as well as transiting eastward in the 

Canadian Arctic Archipelago. The Canada Basin stores Pacific water and consequently 

has a higher freshwater content that increases stratification in the area (Carmack and 

Wassmann 2006). Pacific waters in the Canada Basin interact the most with the interior 

shelves of the Beaufort and the East Siberian Seas (Williams and Carmack 2015).  

Physical processes, such as eddies and currents, influence the frontal structure that 

exists between the Pacific waters from the Chukchi Sea and the Atlantic waters that flow 

in the Arctic Basin (McLaughlin et al. 1996). Shifts in the location of this front can have 

effects on stratification, ice cover (warmer waters that influence melting at the ice edge), 

and the distribution range and productivity of different biological species. If the fronts 
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shift one way or the other, different communities (like zooplankton communities that 

differ between the water masses) could advect into different regions, although with no 

guarantees of reproductive success or survival.   

The northern Bering and southeastern Chukchi Seas are seasonally some of the 

most productive areas in the world ocean (Grebmeier 2012). Relatively limited 

zooplankton grazing (Campbell et al. 2009) in these shallow shelf areas during the spring 

primary production period leads to much of the organic material being deposited to the 

underlying sediments (Grebmeier et al. 2006a, Nelson et al. 2014, Lalande et al. 2020), 

creating focal areas for organic carbon settling to the benthos, especially in May and June 

when large phytoplankton blooms associated with sea ice retreat occur (Springer et al. 

1996, Lee et al. 2007, Cooper et al. 2012). In the Chukchi Sea this export can be as high 

as 70% of the water column production (Grebmeier and McRoy 1989, Feder et al. 2006).  

These seasonally high rates of carbon export to the bottom sediments from the 

surface waters supply organic matter (“food”) for the benthos, creating regionally high 

biomass of macrofauna in the sediments, areas which have been termed hotspots 

(Grebmeier et al. 2006a, Blanchard et al. 2013, Schonberg et al. 2014, Grebmeier et al. 

2015a). The location of these hotspots coincides with seasonally and interannually high 

levels of chlorophyll-a in the water column on the shallow continental shelves in the 

Pacific Arctic (e.g., Lee et al. 2007, Brown et al. 2011, Cooper et al. 2012, 2013). 

Additionally, Pacific waters advected into the region entrain organic carbon produced in 

upstream areas and deposit them downstream onto these continental shelf areas in 

focused areas with slower currents, adding to the organic material already produced there 

(Grebmeier et al. 2015b, Woodgate 2018). These high benthic biomass sites provide 
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higher trophic-level benthivores, such as walrus, gray whales, and diving sea ducks, with 

productive prey items in their foraging grounds (Lovvorn et al. 2009, Jay et al. 2012, 

Moore et al. 2014). 

During a typical year in this region (median value of sea ice for 1981-2010), sea 

ice forms seasonally in the Bering Sea in the winter between Dec-Feb/March (Frey et al. 

2015), and stays in the area through April, with the melt period normally occurring in 

May. The sea ice continues to retreat northward into the Chukchi Sea through Bering 

Strait by June, and by September the sea ice edge is at its northern most point in the 

Arctic Ocean/basin area. Sea ice begins to form again in the Canada Basin around the end 

of October, then in the Chukchi around November, and develops southward until it grows 

back in the Bering Sea between Dec-Feb/March, when the cycle repeats itself.  

Sea ice dynamics and the variability of sea ice cover and thickness can affect the 

length and intensity of phytoplankton production (Arrigo et al. 2008), thus influencing 

the quantity and the quality of the food that reaches the benthos, creating the benthic 

hotspots. When sea ice extent decreases and melt occurs, there is a release of ice algae 

and then an increasing area of open water that allows for more sunlight, warming of 

surface waters, stratification, and nutrient depletion and the start of the ice edge bloom 

(Arrigo et al. 2008, Lalande et al. 2020). An increase in bloom material could potentially 

lead to an increase in the organic carbon exported to the benthos before the development 

of zooplankton grazer populations.  However, a decrease in primary production could 

also occur in certain regions because of changes to the timing of ice edge blooms and 

warming and freshening of the upper water layers that would lead to increased 

stratification and a reduction of nutrients being resupplied from the bottom waters after 
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the open water bloom (Grebmeier et al. 2006a). A reduction in primary production would 

reduce the amount of food reaching the benthos, leading to a more pelagic dominated 

system (Grebmeier et al. 2006, Lee et al. 2012, Figure 1.8). Recent data from 2015-2016 

in the Hanna Shoal region of the northeastern Chukchi Sea demonstrated fluxes of 

phytoplankton almost as high from August to October (late summer/fall period) as in the 

early summer months from June-July when the ice retreat and the bloom traditionally 

occur (Lalande et al. 2020).  This persistence of bloom material suggests that in some 

areas there could be a sustained food source for the benthos (Lalande et al. 2020).  

In addition to biomass of the blooms, deposition of organic matter to the benthos 

is dependent on the grazing timing and pressure from zooplankton in the water column. 

Like bloom scenarios, pressures from grazers could vary. As mentioned previously, this 

region could see a reduction in both the quality and quantity of food reaching the benthos 

from increased zooplankton grazing as water temperatures warm (Coyle et al. 2007). 

Materials found in the sediment trap at the CEO mooring suggested grazing occurred in 

August and September of 2015, as well as episodes of increased grazing in May 2016 

after the release of the ice algae and July 2016, but that with the prolonged bloom 

conditions observed, benthic-pelagic coupling was still strong and a large benthic 

biomass was found despite increased grazing pressures (Lalande et al. 2020). Annual 

particular organic carbon (POC) fluxes measured at the same time (~145 g C m-2 yr-1) 

also suggest that there was sufficient material reaching the bottom to support the benthic 

ecosystem’s carbon demand (Lalande et al. 2020), suggesting that perhaps grazing 

pressures were not high enough to limit materials.  
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1.4 The Distributed Biological Observatory  

In this dissertation, data was collected and analyzed at established time series 

stations in the northern Bering Sea (NBS) and the southeastern Chukchi Sea (SECS) as 

part of the Distributed Biological Observatory (DBO). The DBO was initiated in 

response to observed changes in sea ice dynamics and extent, including large retreats 

(e.g. 2007-2009), and subsequent biological changes in the Pacific Arctic Region 

(Grebmeier et al. 2010). The DBO is an internationally coordinated program that serves 

as a change detection array to monitor biological latitudinal changes in eight regions of 

the Pacific Arctic in the northern Bering, Chukchi, and Beaufort Seas (Grebmeier et al. 

2010, Grebmeier 2012, Grebmeier et al. 2018, Grebmeier et al. 2019; Figure 1.3), 

including changes to benthic communities. The two focal regions for this current work 

are the DBO1 region and the DBO3 region. The DBO1 region is located just south of St. 

Lawrence Island (SLI) (Grebmeier and Cooper 2016, Figure 1.3), in the NBS and 

includes five stations (SLIP stations). The other primary area in this study includes the 

DBO3 region, in particular UTN2-7 and SEC2-4 stations that lie within the SECS hotspot 

(Grebmeier et al. 2015b, 2018; Figure 1.3). 

 The stations in the NBS (DBO1) lie within the St. Lawrence Island Polynya 

(SLIP) area that is influenced by a reoccurring winter polynya, an open area in ice 

covered seas. Some of the highest benthic biomass in the Pacific Arctic lies beneath this 

seasonal polynya (Grebmeier and Cooper 1995). This region normally has very cold 

bottom water (less than -1°C) throughout most of the year, which restricts migration of 

many benthic fish and epibenthic predators from the south, helping maintain high 

macrofaunal biomass (Grebmeier 2012). The sediments here are comprised mainly of 

fine-grained silt and clay (~71-73%, the ≥5 phi component), along with high total organic 
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carbon (TOC, ~1 %) due to low current speeds (Grebmeier et al. 2015a). Nutrient 

concentrations in the bottom water are often high as well due to the proximity to nutrient-

rich upwelled Anadyr waters (Figure 1.4) to the west that flow onto the shallow shelf 

(Cooper et al. 2012, 2013; Grebmeier et al. 2015a). The dominant macrobenthic 

organisms in DBO1 are bivalves, specifically from the families Tellinidae (Macoma 

calcarea), Nuculanidae (Nuculana radiata, N. pernula), and Nuculidae (Ennucula tenuis) 

and polychaetes (Grebmeier and Cooper 2016). 

The stations in the SECS in the DBO3 region are located just north of the Bering 

Strait. Water advected northward into this region comes from three sources: salty (>32.5), 

cold (<1°C) Anadyr water in the west, fresher (<31.8) and warmer (>3°C) Alaska Coastal 

Water to the east, and between the two water masses is an intermediate Bering Sea water 

that is a mixture of the two (Spall 2007, Grebmeier et al. 2006a, Figure 1.4). The 

sediments at these stations are very similar to those in the NBS (Grebmeier et al. 2015a). 

However, the average bottom water temperature in the SECS is much warmer in the 

summer (~2.2 °C from July-September) than in the NBS region due to variable 

stratification and stronger mixing in the water column (Grebmeier et al. 2015a). The 

dominant macrobenthic organisms are bivalves, specifically from the families Tellinidae 

(Macoma calcarea), as well as various species of polychaetes (Grebmeier 2012, 

Grebmeier et al. 2015b). 

1.5 Recent Physical and Biological Changes in the Pacific Arctic  

Recently there have been significant physical changes in the Pacific Arctic, 

particularly in 2018 and 2019. Significant warming of bottom water temperatures has 

accelerated in Pacific Arctic waters and in the northern Bering Sea bottom water was 
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~1.5°C higher in 2018 than previously recorded (Grebmeier et al. 2018; Stabeno et al.  

2019), and conditions that were nearly as warm were observed in 2019 (Grebmeier et al. 

2018, Figure 1.5). Historically, ice dynamics in this area have been relatively stable as 

described earlier in section 1.4 [Grebmeier et al. 2015a, Frey et al. 2015, Figure 1.6 (top 

panel)]. However, in 2018, in the northern Bering Sea ice break up occurred by the end of 

March (Figure 1.7), and sea ice coverage was 10% of the 1981-2010 average (Frey et al.  

2019, Stabeno et al. 2019, Figure 1.6). A similar early sea ice retreat occurred in late 

winter 2019, although sea ice returned before fully retreating in late April (Figure 1.7). 

This resulted in July 2019 bottom water temperatures near 0°C, but still warmer than all 

previous years except for 2018 (J. Grebmeier and L. Cooper, unpublished data, Figure 

1.5).  

In the southeast Chukchi Sea, persistence of sea ice since the mid-1990s has also 

significantly declined, with break up occurring earlier and freeze up later in the year 

(Frey et al. 2015, Frey et al. 2018, 2019, Grebmeier et al. 2018, Figure 1.6). Sea ice 

extent is declining by 9-12 days per decade, break-up of sea ice is occurring 3-5 days 

earlier per decade, and re-freezing is happening 7-8 days later per decade (Frey et al. 

2015, Grebmeier et al. 2015a). 

Temperature and sea ice dynamics are two physical drivers that could alter the 

benthic dominated system, potentially altering food availability and changing the food 

web to a more pelagically-dominated system, where zooplankton feeding and fish would 

be more important in the food web and benthic species and the animals that feed on them 

(e.g. gray whales, walrus, and bearded seals) less important (Moore and Stabeno 2018, 

Figure 1.8). Cold bottom waters form in the northern Bering Sea in winter as a result of 
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an open water area (polynya) south of St. Lawrence Island: brine injection during sea ice 

formation circulates the cold, high salinity freezing water throughout the water column, 

and this near freezing water persists throughout the year (Cooper et al. 2002). While there 

has been variation in the size and position of this “cold pool,” on average it has retreated 

northward ~230 km since the 1980s (Mueter and Litzow 2008). This finding is significant 

because the cold pool acts as a thermal barrier preventing migration of many epibenthic 

species and fish northward into truly Arctic waters. As this thermal barrier declines, the 

seafloor community is likely to become prey for subarctic fish (e.g., Walleye Pollock and 

Pacific cod), who would compete with Arctic benthivores such as walrus and diving 

ducks.  Already, some commercial fish and epibenthic species have moved north given 

warmer bottom water temperatures (Mueter and Litzow 2008, Alabia et al. 2018). Visual 

observations in July 2019 of subarctic fish in undersea videos in these Arctic bottom 

waters (L. Cooper, unpublished data) are consistent with NOAA trawl surveys of 

commercial fish extending northward to Bering Strait in 2018 as the thermal barrier 

degraded (Stevenson and Lauth 2019).  

Warming bottom water temperatures may affect benthic communities from both 

bottom up (food limitation) as well as top down perspectives as new predators move 

north into the ecosystem. Bivalves, a key component of the benthic macrofaunal 

community, are important prey items for the spectacled eider in the northern Bering Sea 

and for walrus in both the northern Bering Sea and the southeast Chukchi Sea. The 

northern Bering Sea in particular has seen a decline in bivalve biomass, replaced by 

polychaetes worms within the past decade (Grebmeier et al. 2018, Figure 1.9, top panel). 

This area includes the seasonal feeding grounds for the world population of the 
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spectacled eider. However, with the threat of the disappearing thermal barrier, the 

northward fish movement now being documented suggests that fish could be increasingly 

competing with eiders and walruses for benthic food. In the southeast Chukchi Sea, 

bivalve biomass of dominant taxa began increasing around 2008 through 2015 in the time 

series sites (Grebmeier et al. 2018, Figure 1.9, bottom panel). However, certain species of 

larger bivalves, specifically Serripes spp., started declining in 2018 and 2019 (J. 

Grebmeier, unpublished data). Some of these higher trophic level benthic feeding 

organisms are harvested for subsistence food by local indigenous hunters; therefore, the 

response of benthic organisms to these environmental changes and the potential impacts 

to the overall food web may raise food security issues in remote Alaskan communities.  

1.6 Description of Study Organisms   

The two focal bivalve genera in this study are Macoma calcarea (Gmelin, 1791) 

(DBO1 and DBO3) and Serripes spp. (DBO3). Macoma calcarea shell length generally 

extends to about 45 mm as adults. Adults have separate sexes and they produce free 

swimming pelagic larvae. Individuals that have settled out into the sediment are at least 

one mm from our collections since we use a one mm screen size for sieving animals from 

sediments using a van Veen grab (Goethel unpublished data). Macoma calcarea are 

primarily deposit feeders, with the ability to suspension feed, and live inside muddy-to-

sand/gravel sediments. We did not find a documented growth rate for this species. Mean 

burying depth of Macoma spp. in sediments has been recorded as deep as 17 cm (Oliver 

et al. 1983). This burying depth can be more challenging for certain benthivorous 

predators like the spectacled eider, but less challenging for Pacific walrus (Chapter 3). 

However, the van Veen grab collections generally reaches deep enough to get a 

quantitatively accurate estimate of abundance.   
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Two species of Serripes spp. were examined in this study, Serripes groenlandicus 

(Mohr, 1796) and Serripes laperousii (Deshayes, 1839). Serippes groenlandicus range in 

shell length from about 60-120 mm, larger than M. calcarea. Unlike M. calcarea that is 

both a suspension and deposit feeder, Serripes spp. are only suspension feeders. They, 

too, have pelagic larvae, but are hermaphroditic. Observations indicate they can live as 

long as 39 years (Kilada et al. 2007). A growth rate for S. groenlandicus of 5.4-7.4 

mm/year was reported by Khim (2001). Serripes laperousii has similar general 

characteristics to S. groenlandicus, although a specific growth rate has not been found, 

thus determined in this research effort. For most of the subsequent analyses, these two 

species will be grouped together as Serripes spp. due to low individual species abundance 

as well as inconsistencies of Serripes species identification over the years in the sorting 

lab. Mean burying depth in sediment for Serripes spp. has been recorded as 11 cm 

(Oliver et al. 1983). Basic characteristics of M. calcarea and S. groenlandicus can be 

found at the Arctic Ocean Diversity webpage 

(http://www.arcodiv.org/seabottom/bivalves/Macoma_calcarea.html and 

http://www.arcodiv.org/seabottom/bivalves/Serripes_groenlandicus.html).  

 1.7 Overall Objectives, Hypotheses, and Dissertation Layout  

    

The overall objective of my dissertation is to evaluate changes to the bivalve 

communities, a key prey item, in the Pacific Arctic over time. The other primary 

objective of this study is to determine how those changes relate to the overall shifts in 

benthic community structure and functioning in the region and to the recent physical 

changes (sea ice, seawater temperature, and food quality and quantity (Figure 1.8)). The 

overarching question is: How do changes in the dominant bivalve population reflect 

http://www.arcodiv.org/seabottom/bivalves/Macoma_calcarea.html
http://www.arcodiv.org/seabottom/bivalves/Serripes_groenlandicus.html
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overall benthic community changes and environmental drivers in the Pacific Arctic? This 

question will be answered in the subsequent three chapters and conclusions (Figure 1.10). 

The following three chapters aim to answer the above question using both marcrobenthic 

community time-series and experimental techniques and examining different ecological 

levels.  

In chapter 2 (Goethel et al. 2019), time-series techniques were used to evaluate 

past trends in detail for a single dominant clam species, M. calcarea in the NBS (DBO1) 

and SECS (DBO3) regions. The goal of this chapter is to answer the following questions: 

 

1. Is the dominant bivalve species changing and shifting northward in the NBS 

(DBO1) and the SEC (DBO3)? How have abundance, biomass of M. calcarea 

populations changed through time? What are the potential physical drivers 

behind these changes? 

a. H1: There are temporal and spatial shifts occurring in M. calcarea 

population hotspots for both abundance and biomass.  

i. H1a: Northward contractions of bivalve populations are 

occurring in the northern Bering Sea, i.e. populations in the 

southern stations are declining.  

ii. H1b: Bivalve populations in the southeastern Chukchi Sea are 

increasing or remaining steady.  

b. H2: Previously, food quality and quantity has been the largest driver 

for benthic biomass (Grebmeier and McRoy 1989). In a single species, 

food will continue to be the largest driver over the period of this time-

series for abundance and biomass changes.  
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In chapter 3, abundance, biomass, and the dominant median size class of two 

dominant bivalve species, M. calcarea and Serripes spp., was tracked in more recent 

years (2015-2019), where significant physical changes have been observed in the study 

area (Figure 1.5, Figure 1.6, Figure 1.7). The first goal of this chapter is to expand 

beyond one species and look at the broader bivalve community within the same region 

and their responses to rapid environmental change (2015-2019). The second goal of this 

chapter is to compare the response of a single species (M. calcarea) to short-term rapid 

change versus long-term population change (1998-2014, chapter 2). Median size class of 

each year was added to the metrics measured to track recruitment potential that directly 

relates to maintenance of the population. The questions include: 

2. How do two dominant taxa of bivalves respond to the same environmental 

changes in the southeastern Chukchi Sea (DBO3) over a period from 2015-

2019? Are there different biological responses to the same physical drivers 

because of biological traits like feeding strategies or physiological 

differences?  

a. H1: Macoma calcarea and Serripes spp. have different responses in 

population metrics (abundance, biomass, median size class) to changes 

in physical parameters including sea ice conditions, seawater 

temperatures, and food quality and quantity in the DBO3 region.  

3. Are there quantifiable biological responses to more rapid and stressful 

environmental changes (period 2015-2019) in a specific species (M. calcarea) 

as opposed to longer term changes (1998-2014) in the biological traits of the 
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same species in the DBO1 and DBO3 regions? If yes, what are the observed 

biological response characteristics in the shorter time frame?  

a. H1: Short-term (2015-2019) biological responses will not be as 

apparent as long-term responses (1998-2014), unlike changes in 

physical drivers.   

b. H2: Patterns of bivalve abundance and biomass first seen in the 

southern stations of the northern Bering Sea will appear later in the 

northern stations in the DBO1 region due to the more drastic changes 

in the physical drivers to the south.  

In chapter 4 (Goethel et al. 2021, revised and submitted), we used shipboard 

sediment oxygen incubations to measure sediment community oxygen consumption 

(SCOC) of to the benthos in the NBS (DBO1), SECS (DBO3), and the northeastern 

Chukchi Sea (NECS, DBO 4) in 2019. Additionally, we measure the respiration rates of 

the dominant bivalve (or amphipod as was the case in DBO4 for the station sampled) at 

each station. The goal of this chapter is to measure responses to future scenarios of 

warming temperatures and variable food supply and place those results in the context of 

the past from the previous two chapters. Overall, we aimed to quantify the benthic food 

supply and carbon cycling in the biological hotspot regions that are experiencing 

unprecedented environmental change and to understand the role that the dominant 

bivalve species have in the benthic ecosystem. With both full sediment core oxygen rates 

and individual respirations, the study scaled  up connections amongst the individual 

biological responses to full macrofaunal community population responses to the 
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composite environmental (physical and biological) changes. Chapter 4 addresses the 

below questions: 

4. Do SCOC rates change in relation to variable levels of seawater temperature 

and food quantity (and if so, how)?  Is food or temperature the major driver 

for SCOC variability? How much do bivalves contribute to the overall SCOC 

in the northern Bering Sea and southeastern Chukchi Sea?   

a. H1: Sediment community oxygen consumption will be higher with 

increased seawater temperatures and quantity of available food.  

i. Food quality and quantity will be the larger driver over 

temperature for increased levels of dominant macrofaunal 

abundance and biomass.  

b. H2: Compared to other taxa, bivalves will have the largest impact on 

levels of SCOC in the NBS (DBO1) and SECS (DBO3).  Amphipods 

by contrast, will have the largest impact on levels of SCOC in the 

NECS (DBO4). 

5. How will changes in individual species abundance and biomass (Ch. 2 and 3) 

affect the SCOC and overall ecosystem functioning? 

a. H1: SCOC changes are dependent on the benthic faunal density and 

composition present and the overall SCOC will increase or decrease 

depending on the dominant organism.  

The subsequent chapters are designed to answer the above questions using time-series 

techniques, experiments, trends in the past, and predictions for the future to analyze the 



 
 

19 

 

role of bivalves, a key benthic component and prey item in the Pacific Arctic, during 

times of drastic and dynamic ecosystem changes.  

 

  



 
 

20 

 

References 

Alabia, I.D., García Molinos, J., Saitoh, S.I., Hirawake, T., Hirata, T., Mueter, F.J., 2018. 

Distribution shifts of marine taxa in the Pacific Arctic under contemporary climate 

changes. Diversity and Distributions. 24(11): 1583-1597. 

Arrigo, K.R., van Dijken, G., Pabi, S., 2008. Impact of a shrinking Arctic ice cover on 

marine primary production. Geophysical Research Letters. 35 (19), L19603. 

https://doi.org/10.1029/2008GL035028. 

Blanchard, A.L., Parris, C.L., Knowlton, A.L., Wade, N.R., 2013. Benthic ecology of the 

northeastern Chukchi Sea. Part I. Environmental characteristics and macrofaunal 

community structure, 2008-2010. Continental Shelf Research. 67: 52-66.  

Bluhm, B.A., Kosobokova, K.N., Carmack, E.C., 2015. A tale of two basins: An 

integrated physical and biological perspective of the deep Arctic Ocean. Progress in 

Oceanography. 139: 89-121. 

Brown, Z., van Dijken, G.L., Arrigo, K.R., 2011. A reassessment of primary production 

and environmental change in the Bering Sea. Journal of Geophysical Research. 116, 

C08014. https://www.doi.org/10.1029/2010JC006766. 

 

Campbell, R.G., Sherr, E.B., Ashjian, C.J., Plourde, S., Sherr, B.F., Hill, V., Stockwell, 

D.A., 2009. Mesozooplankton prey preference and grazing impact in the western Arctic 

Ocean. Deep-Sea Research II. 56: 1274-1289. 
 

Carmack, E.C., Wassmann, P., 2006. Food webs and physical-biological coupling on 

pan-Arctic shelves: Unifying concepts and comprehensive perspectives. Progress in 

Oceanography. 71: 446-477. 

 

Cooper, L.W., Grebmeier, J.M., Larsen, I.L., et al., 2002. Seasonal variation in 

sedimentation of organic materials in the St. Lawrence Island polynya region, Bering 

Sea. Marine Ecology Progress Series. 226: 13–26. 

 

Cooper, L.W., Janout, M., Frey, K.E., Pirtle-Levy, R., Guarinello, M., Grebmeier, J.M., 

Lovvorn, J.R., 2012. The relationship between sea ice break-up, water mass variation, 

chlorophyll biomass, and sedimentation in the northern Bering Sea. Deep-Sea Research 

Part II. (65-70): 141-162. 

 

Cooper, L.W., Sexson, M.G., Grebmeier, J.M., Gradinger, R., Mordy, C.W., Lovvorn, 

J.R., 2013. Linkages between sea ice coverage, pelagic-benthic coupling and the 

distribution of spectacled eiders: observations in March 2008, 2009 and 2010 from the 

northern Bering Sea. Deep-Sea Research Part II. 94: 31–43.  

 

Coyle, K.O., Konar, B., Blanchard, A., Highsmith, R.C., Carroll, J., Carroll, M., 

Denisenko, S.G., Sirenko, B.I, 2007. Potential effects of temperature on the benthic 



 
 

21 

 

infaunal community on the southeastern Bering Sea shelf: possible impacts of climate 

change. Deep-Sea Research Part II. 54: 2885-2905. 

 

Dunton, K.H., Goodall, J.L., Schoberg, S.V., Grebmeier, J.M., Maidment, D.R., 2005. 

Multi-decadal synthesis of benthic-pelagic coupling in the western arctic: Role of cross-

shelf advective processes. Deep-Sea Research II. 52: 3462-3477. 

 

Ershova, E.A., Hopcroft, R.R., Kosobokova, K.N., Inter-annual variability of summer 

mesozooplankton communities of the western Chukchi Sea: 2004-2012. Polar Biology. 

38: 1461-1481.  

 

Feder, H.M., Jewett, S.C., Blanchard, A.L., 2006. Southeastern Chukchi Sea (Alaska) 

macrobenthos. Polar Biology. 30: 261-275.  

 

Frey, K.E., Moore, G.W.K., Cooper, L.W., Grebmeier, J.M., 2015. Divergent patterns of 

recent sea ice cover across the Bering, Chukchi, and Beaufort Seas of the Pacific Arctic 

Region. Progress in Oceanography. 136: 32-49.  

Frey, K.E., Comiso, J.C., Cooper, L.W., Grebmeier, J.M., Stock, L.V., 2018. Arctic 

Ocean primary productivity: The response of marine algae to climate warming and sea 

ice decline. NOAA Arctic Report Card 2018. https://arctic.noaa.gov/Report-Card/Report-

Card-2018/ArtMID/7878/ArticleID/772. 

Frey, K.E., Comiso, J.C., Cooper, L.W., Grebmeier, J.M., Stock, L.V., 2019. Arctic 

Ocean primary productivity: The response of marine algae to climate warming and sea 

ice decline, pp.40-47. Arctic Report Card 2019, J. Richter-Menge, M.L. Druckenmiller, 

and M. Jeffries, Eds. NOAA Arctic Report Card 2019. http://www.arctic.noaa.gov/Report  

Goethel, C.L., Grebmeier, J.M., Cooper, L.W., 2019. Changes in abundance and biomass 

of the bivalve Macoma calcarea in the northern Bering Sea and the southeastern Chukchi 

Sea from 1998-2014, tracked through dynamic factor analysis models. Deep-Sea 

Research Part II. 162: 127–136. 

Gradinger, R., 2009. Sea-ice algae: major contributions to primary production and algal 

biomass in the Chukchi and Beaufort Seas during May/June 2002. Deep-Sea Research II. 

56: 1201-1212.  

Grebmeier, J.M., McRoy, C.P., 1989. Pelagic-benthic coupling on the shelf of the 

northern Bering and Chukchi Seas. III. Benthic food supply and carbon cycling. Marine 

Ecology Progress Series. 53: 79–91. 

 

Grebmeier, J.M., Cooper, L.W., 1995. Influence of the St. Lawrence Island polynya on 

the Bering Sea benthos. Journal of Geophysical Research. 100: 4439-4460. 

https://www.doi.org/10.1029/94JC02198. 

 

Grebmeier, J.M., Cooper, L.W., Feder, H.M., Sirenko, B.I., 2006a. Ecosystem dynamics 

of the Pacific influenced northern Bering and Chukchi seas in the Amerasian Arctic. 

Progress in Oceanography. 71: 331. 

https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ArticleID/772
https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ArticleID/772
http://www.arctic.noaa.gov/Report


 
 

22 

 

 

Grebmeier, J.M., Overland, J.E., Moore, S.E., Farley, E.V., Carmack, E.C., Cooper, 

L.W., Frey, K.E., Helle, J.H., McLaughlin, F.A., McNutt, S. L., 2006b. A major 

ecosystem shift in the northern Bering Sea. Science. 311: 1461-1464. 

 

Grebmeier, J.M., Moore, S.E., Overland, J.E., Frey, K.E., Gradinger, R., 2010. Biological 

response to recent Pacific Arctic sea ice retreats. EOS. 91, 161-168. 

 

Grebmeier, J.M., 2012. Shifting patterns of life in the Pacific Arctic and sub-Arctic seas. 

Annual Review Marine Science. 4: 63–78. 

 

Grebmeier, J.M., Maslowski, W.E., 2014. The Pacific Arctic Region: Ecosystem Status 

and Trends in a Rapidly Changing Environment. Springer, Berling-Heidelberg-New 

York.  

 

Grebmeier, J.M., Bluhm, B.A., Cooper, L.W., Danielson, S., Arrigo, K.R., Blanchard, 

A.L., Clarke, J.T., Day, R.H., Frey, K.E., Gradinger, R.R., Kedra, M., Konar, B., Kuletz, 

K.J., Lee, S.H., Lovvorn, J.R., Norcross, B.L., Okkonen, S.R., 2015a. Ecosystem 

characteristics and processes facilitating persistent macrobenthic biomass hotspots and 

associated benthivory in the Pacific Arctic. Progress in Oceanography. 

http://dx.doi.org/10.1016/j.pocean.2015.05. 006. 

 

Grebmeier, J.M., B.A. Bluhm, L.W. Cooper, S.G. Denisenko, K. Iken, M. Kedra, and C. 

Serratos., 2015b. Time-series benthic community composition and biomass and 

associated environmental characteristics in the Chukchi Sea during the RUSALCA 2004–

2012 program. Oceanography 28(3):116–133. http://dx.doi.org/10.5670/oceanog.2015.61 

 

Grebmeier, J.M., Cooper, L.W., 2016. The Saint Lawrence Island Polynya: A 25-year 

evaluation of an analogue for climate change in Polar Regions., in: Glibert, P.M., Kana, 

T.M. (Eds.) Aquatic Microbial Ecology and Biogeochemistry: A Dual Perspective. 

Springer International Publishing, Switzerland, pp. 171-183.  

Grebmeier, J.M., Moore, S.E., Cooper, L.W., Frey, K.E., 2019. The Distributred 

Biological OBseratory: A change detection array in the Pacific Arctic – An introduction. 

Deep-Sea Research Part II. 162: 1–7. https://doi.org/10.1016/j.dsr2.2019.05.005 

Hunt, Jr., G.L., Drinkwater, K.F., Arrigo, K., Berge, J., Daly, K.L., Danielson, S., Daase, 

M., Hop, H., Isla, E., Karnovsky, N., Laidre, K., Mueter, F.J., Murphy, E.J., Renaud, 

P.E., Smith Jr., W.O., Trathan, P., Turner, J., Wolf-Gladrow, D., 2016.  Advection in 

polar and sub-polar environments: Impacts on high latitude marine systems. Progress in 

Oceanography. 149: 40-81.  

Jay, C.V., Fischbach, A.S., Kochnev, A.A., 2012. Walrus areas of use in the Chukchi Sea 

during sparse sea ice cover. Marine Ecology Progress Series. 468: 1-13. 

Khim, B. - K., 2001. Stable isotope profiles of Serripes groenlandicus shells. II. 

Occurrence in Alaskan coastal water in south St. Lawrence Island, northern Bering Sea.. 

Journal of Shellfish Research. 20(1): 275-281.  

http://dx.doi.org/10.1016/j.pocean.2015.05.%20006
http://dx.doi.org/10.5670/oceanog.2015.61
https://doi.org/10.1016/j.dsr2.2019.05.005
http://ebivalvia.lifedesks.org/biblio/author/99
http://ebivalvia.lifedesks.org/biblio/view/350
http://ebivalvia.lifedesks.org/biblio/view/350


 
 

23 

 

 

Kilada, R. W., Roddick, D., Mombourquette, K., 2007. Age determination, validation, 

growth and minimum size of sexual maturity of the Greenland smooth cockle (Serripes 

groenlandicus, Bruguiere, 1789) in eastern Canada. Journal of Shellfish Research. 26(2): 

443-450. 

Lalande, C., Grebmeier, J.M., Hopcroft, R.R., Danielson, S.L., 2020. Annual cycle of 

export fluxes of biogenic matter near Hanna Shoal in the northeast Chukchi Sea. Deep-

Sea Research II. https://doi.org/10.1016/j.dsr2.2020.10 

Lee, S.H., Whitledge, T.E., Kang, S.H., 2007. Recent carbon and nitrogen uptake rates of 

phytoplankton in Bering Strait and the Chukchi Sea. Continental Shelf Research. 27: 

2231-2249. 

Lee, S.H., Joo, H.-M., Yun, M.S., Whitledte, T.E., 2012. Recent phytoplankton 

productivity of the northern Bering Sea during early summer in 2007. Polar Biology. 35: 

83-98. 

Lovvorn, J.R., Grebmeier, J.M., Cooper, L.W., Bump, J.K., Richman, S.E., 2009. 

Modeling marine protected areas for threatened eiders in climatically changing Bering 

Sea. Ecological Applications. 19:1596-1613. 

McLaughlin, F.A., Carmack, E.C., Macdonald, R.W., Bishop, J.K.B., 1996. Physical and 

geochemical properties across the Atlantic/Pacific front in the southern Canadian Basin. 

Journal of Geophysical Research. 101:1183-1197.  

Moore, S.E., Logerwell, E., Eisner, L., Farley, E., Harwood, L., Kuletz, K., Lovvorn, J., 

Murphy, J., Quakenbush, L., 2014. Chapter 11: Marine fishes, birds and mammals as 

sentinels of ecosystem variability and reorganization in the Pacific Arctic region, in: 

Grebmeier, J.M., Maslowski, W. (Eds.) The Pacific Arctic region: ecosystem status and 

trends in a rapidly changing environment. Springer, Dordrecht, pp. 337-392.  

Mueter, F.J., Litzow, M.A., 2008. Sea ice retreat alters the biogeography of the Bering 

Sea continental shelf. Ecological Applications. 18: 309-320. 

 

Nelson R.J., Ashjian, C., Bluhm, B., Conlan, K., Gradinger, R., Grebmeier, J.M., Hill, V., 

Hopcroft, R., Hunt, B., Joo, H., Kirchman, D., Kosobokova, K., Lee, S., Li, W.K.W., 

Lovejoy, C., Poulin, M., Sherr, E., Young, K., 2014. Biodiversity and biogeography of 

the lower trophic taxa of the Pacific Arctic region: sensitivities to climate change, in: 

Grebmeier J.M., Maslowski, W., (Eds.) The Pacific Arctic region: ecosystem status and 

trends in a rapidly changing environment. Springer, Dordrecht, pp. 269–336. 

 

Oliver, J.S., Slattery, P.N., O’Connor, E.F., Lowry, L.F., 1983. Walrus, Odobenus 

rosmarus, feeding in the Bering Sea: A benthic perspective. Fishery Bulletin. 81: 501-

512.  

 

http://ebivalvia.lifedesks.org/biblio/author/104
http://ebivalvia.lifedesks.org/biblio/author/105
http://ebivalvia.lifedesks.org/biblio/author/106
http://ebivalvia.lifedesks.org/biblio/view/351
http://ebivalvia.lifedesks.org/biblio/view/351
http://ebivalvia.lifedesks.org/biblio/view/351


 
 

24 

 

Osborne, E., Richter-Menge, J., Jeffries, M., 2018. Executive Summary of NOAA Arctic 

Report Card 2018.  https://arctic.noaa.gov/Report-Card/Report-Card-

2018/ArtMID/7878/ArticleID/772/Executive-Summary 

 

Schonberg, S.V., Clarke, J.T., Dunton, K.H., 2014. Distribution, abundance, biomass and 

diversity of benthic infauna in the Northeast Chukchi Sea, Alaska: Relation to 

environmental variables and marine mammals. Deep-Sea Research II. 102: 144-163. 

 

Spall, M.A., 2007. Circulation and water mass transformation in a model of the Chukchi 

Sea. Journal of Geophysical Research (Oceans). 112(C5). 

https://www.doi.org/10.1029/2005JC003364.  

 

Springer, A.M., McRoy, C.P., Flint, M.V., 1996. The Bering Sea Green Belt: shelf-edge 

processes and ecosystem production. Fisheries Oceanography. 5: 205-223.  

 

Schauer, U., Loeng, H., Rudels, B., Ozhign, V.K., Dieck, W., 2002. Atlantic Water flow 

through the Barents and Kara Seas. Deep-Sea Research. 49: 2281-2298.  

 

Stabeno, P.J., Bell, S.W., 2019. Extreme conditions in the Bering Sea (2017-2018): 

Record-breaking low sea-ice extent. Geophysical Research Letters. 46: 8952-8959.  

 

Stevenson, D. E., Lauth, R.R., 2019. Bottom trawl surveys in the northern Bering Sea 

indicate recent shifts in the distribution of marine species. Polar Biology. 42: 407-421.  

 

Wang, Y., Xiang, P., Kang, J.-h., Ye, Y.-y, Lin, G.-m., Yang, Q.-1., Lin, M., 2018. 

Microphytoplankton community structure in the western Arctic Ocean: surface layer 

variability of geographic and temporal considerations in summer. Hydrobiologia. 811: 

295-312.  

 

Warwick, R.M., 1993. Environmental impact studies on marine communities: 

pragmatical considerations. Australian Journal of Ecology. 18: 63-80. 

 

Wassmann, P., Kosobokova, K.N., Slagstad, D., Drinkwater, K.F., Hopcroft, R.R., 

Moore, S.E., Ellingsen, I., Nelson, R.J., Carmack, E., Popova, E., Berge, J., 2015. The 

contiguous domains of Arctic Ocean advection: Trails of life and death. Progress in 

Oceanography. 139: 42-65. https://doi.org/10.1016/j.pocean.2015.06.011 

 

Williams, W.J., Carmack, E.C., 2015. The ‘interior’ shelves of the Arctic Ocean: 

Physical oceanographic setting, climatology and effects of sea-ice retreat on cross-shelf 

exchange. Progress in Oceanography. 139: 24-41. 

 

Woodgate, R. A., 2018. Increases in the Pacific inflow to the Arctic from 1990 to 2015, 

and insights into seasonal trends and driving mechanisms from year-round Bering Strait 

mooring data. Progress in Oceanography. 160: 124-154. 

 

https://www.doi.org/10.1029/2005JC003364
https://doi.org/10.1016/j.pocean.2015.06.011


 
 

25 

 

 

Figures  

 

  

Figure 1.1 (Left panel) Average September Arctic sea ice extent from 1979-2020 (Modified from the 

National Snow and Ice Data Center). (Right panel) Map of the sea ice extent from 2012 (lowest sea ice 

extent on record) in comparison to the mean sea ice edge from 1979-2000 (Modified from the National 

Snow and Ice Data Center).  
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Figure 1.2 Bathymetric map of the Arctic highlighting the major shelf systems and basins. Inflow shelves are marked by 

the red boxes. The color bar at the bottom of the figure shows the bathymetric and topographic features in meters. 

Modified from the International Bathymetric Chart of the Arctic Ocean created by the Intergovernmental 

Oceanographic Commission, the International Science Committee, the International Hydrograph Organization, the US 

Office of Naval Research, and the US National Geophysical Data Center from https://geology.com/world/arctic-ocean-

bathymetry-map.shtml 

https://geology.com/world/arctic-ocean-bathymetry-map.shtml
https://geology.com/world/arctic-ocean-bathymetry-map.shtml
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Figure 1.3 Station map of the five Distributed Biological Observatory (DBO) transect lines 

located in the northern Bering and Chukchi Seas. Stations highlighted in purple are stations 

within the DBO1 and DBO3 regions for collections of Macoma calcarea and Serripes spp. 

The purple stations are also where dynamic factor analyses and size class distributions were 

calculated for Chapters 2 and 3. Figure modified from Grebmeier 2012. 
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Figure 1.4 Map of generalized ocean currents in the study region of the Pacific Arctic. Figure from Grebmeier 

2012.  
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Figure 1.5 July bottom water temperatures in the St. Lawrence Island Polynya (SLIP) DBO1 region from 2000-2019.  
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Figure 1.6 Annual sea ice persistence (number of days with sea ice present) for DBO1–8 regions in the Pacific Arctic, with 

DBO1 and 3 highlighted in the black boxes from 2013-2018. If pixel values had a least 15% sea ice concentration values 

based on satellite data (SSM/I and SSMIS), then they were counted as a day where sea persisted. Modified from 

Grebmeier et al. 2019. 
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Figure 1.7 Monthly mean sea ice concentration (%) for the DBO1 region. 2018 (red) and 2019 (gold) are highlighted 

to show abnormal ice years in the northern Bering Sea compared to the 1981-2010 time period in both melt (earlier) 

and formation (later). Modified from K. Frey et al. (2019). 
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Figure 1.8 Conceptual diagram from Moore and Stabeno (2015) depicting potential shifts in the food web from 

changes in ice conditions, temperatures, and thus availability of food to the benthos in the Pacific Arctic. 
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Figure 1.9 For each panel, bivalves are shown in purple. (Top) Benthic community biomass in the DBO1 region St. 

Lawrence Island Polynya (SLIP) stations from 2000-2015. The southern stations (SLIP 1, 2, 3) that show a decline in overall 

benthic biomass in more recent years (2010-2015) are highlighted in the blue box. (Bottom) Benthic community biomass in 

the DBO3 region UTN stations from 1998-2015. Stations that have shown recent increases in overall benthic biomass in 

more recent years (2010-2015) are highlighted in the blue box. Modified from Grebmeier et al. (2018). 
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Figure 1.10 Venn diagram of dissertation structure and connections among the chapters.  
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Chapter 2: Changes in abundance and biomass of the bivalve Macoma calcarea in 

the northern Bering Sea and the southeastern Chukchi Sea from 1998 to 2014, 

tracked through dynamic factor analysis models  

Christina L. Goethel, Jacqueline M. Grebmeier, Lee W. Cooper  

Goethel, C.L., Grebmeier, J.M., Cooper, L.W., 2019. Changes in abundance and biomass 

of the bivalve Macoma calcarea in the northern Bering Sea and the southeastern Chukchi 

Sea from 1998-2014, tracked through dynamic factor analysis models. Deep-Sea 

Research Part II. 162, 127–136. https://doi.org/10.1016/j.dsr2.2018.10.007. 

 

2.1 Abstract 

 

 We used dynamic factor analysis (DFA) to track underlying trends in the 

abundance (number m−2) and biomass (g C m−2) of a common bivalve, Macoma calcarea, 

at eleven stations in the northern Bering and Chukchi Seas, as part of the Distributed 

Biological Observatory (DBO) sampling effort. Five of the stations are located in the 

northern Bering Sea (DBO1 - SLIP stations) and the other six stations are located in the 

southeastern Chukchi Sea (DBO3 - UTN stations). M. calcarea abundance and biomass 

were analyzed from 1998 to 2014 as part of a 25+ year benthic community dataset. 

Results from the DFA indicate that there are two abundance trends (one increasing and 

one decreasing, depending on station location) for M. calcarea in the DBO1 region. 

Biomass data for M. calcarea in this region also indicates simultaneous increasing and 

decreasing trends, depending on location. In the DBO3 region, there are also both 

increasing and decreasing abundance trends for M. calcarea depending on location. 

Furthermore, DFA of biomass data in the DBO3 region indicates that M. calcarea 

biomass has three underlying trends among stations (one increasing, a second trend that 

decreases and then increases, and third that is relatively stable through time). Model 

results indicate that certain surface sediment characteristics (chlorophyll-a inventories, 

https://doi.org/10.1016/j.dsr2.2018.10.007
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total organic carbon, and percent ≥5 phi grain size) as well as bottom water temperature 

are correlated with abundance and biomass of M. calcarea in these two regions. Overall, 

we conclude that M. calcarea abundance and biomass declined in the DBO1 region, with 

some spatial complexities, which is apparent principally as a northward shift of M. 

calcarea abundance. Since this area is a critical winter foraging habitat for the world 

population of a threatened diving sea duck, the spectacled eider (Somarteria fischeri), the 

decline and northward shift in prey is potentially significant for management of the 

species. By comparison, abundance of M. calcarea in the DBO3 region exhibited a 

southward shift in abundance away from station UTN5 and towards UTN2, suggesting 

that hydrographic influences on sediment composition and food supply may be key 

drivers for this species. 

2.2 Introduction 

 

 Changing sea-ice extent, warming seawater temperatures, and shifting sediment 

composition are known drivers for benthic macrofaunal community composition and 

biomass in the Pacific Arctic (Grebmeier, 2012; Grebmeier et al., 2015a). Benthic 

macrofaunal communities in the Arctic provide indicators of changing environmental 

conditions because of their long and sessile life spans that allow them to be easily and 

consistently sampled (Warwick, 1993; Grebmeier et al., 2010; Iken et al., 2013). 

Bivalves, a significant component of this benthic community, are common prey items for 

benthivorous predators such as Pacific walruses (Odobenus rosmarus divergens) 

(Sheffield and Grebmeier, 2009), bearded seals (Erignathus barbatus) (Moore et al., 

2014), several species of sea stars (Feder et al., 2006), and the diving spectacled eider 

(Somarteria fischeri) (Lovvorn et al., 2003, 2009). As a result, improved knowledge 
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about the status of benthic food prey bases will facilitate a better understanding of 

potential feeding behaviors and geographic shifts of apex predators in response to 

biological and physical changes.  

 This study is focused on two regions in the Pacific Arctic that are sampled 

annually as part of the Distributed Biological Observatory (DBO), an internationally 

coordinated project that is tracking biological changes in five regions of the northern 

Bering and Chukchi Seas (Grebmeier et al., 2010; Grebmeier, 2012; Moore et al., 2018). 

The DBO1 region in the northern Bering Sea (NBS) and the DBO3 region in the 

southeastern Chukchi Sea (SECS) are recognized as some of the most seasonally 

productive regions in the world ocean (Springer et al., 1996; Gradinger, 2009; Cooper et 

al., 2012). These regions act as focal points for settling of organic carbon to the benthos, 

especially in May and June when large phytoplankton blooms associated with sea-ice 

occur (Springer et al., 1996; Lee et al., 2007; Cooper et al., 2012). Sea-ice dynamics and 

the variability of sea-ice cover and thickness affects the length and intensity of the 

phytoplankton production (Arrigo et al., 2008). As sea-ice and snow cover on the ice 

melts during the spring, water column stratification can allow for nutrients to remain in 

the surface layer for utilization by these phytoplankton (Grebmeier, 2012). Pacific waters 

advected into the area bring nutrients, heat, and organic carbon to the shelf, adding to the 

organic material already produced there (Grebmeier et al., 2015b). Because of relatively 

limited zooplankton grazing, much of the organic material is thus deposited to the 

underlying sediments (Grebmeier et al., 2006a; Nelson et al., 2014). This deposition 

creates regionally high biomass in the benthos, and these localized areas have been 

termed hotspots (Grebmeier et al., 2006b, 2015a). The location of these hotspots 
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coincides with high levels of chlorophyll-a in the water column (e.g. Lee et al., 2007; 

Brown et al., 2011; Cooper et al., 2012, 2013). These high benthic biomass sites provide 

higher trophic animals, such as benthic-feeding walrus, gray whales, and diving sea 

ducks, with productive foraging grounds (Lovvorn et al., 2009; Jay et al., 2012; Moore et 

al., 2014).  

 In this study, we analyzed data from two benthic hotspots, one south of St. 

Lawrence Island in the NBS (Grebmeier and Cooper, 2016) and the other in the SECS 

(Grebmeier et al., 2015b; Figure 2.1). The NBS benthic hotspot in the DBO1 region is 

just southwest of a reoccurring winter polynya. The open-water area of the polynya is 

mainly determined by wind direction and speed (Grebmeier and Cooper, 1995; Cooper et 

al., 2002), which influences sediment characteristics and ecological processes (Cooper et 

al., 2012, 2013). Some of the highest benthic biomass in the Pacific Arctic lies beneath 

this seasonal polynya (Grebmeier and Cooper, 1995, 2016). This region has very cold 

bottom water (less than −1 °C) throughout most of the year which restricts migration of 

many benthic fish and epibenthic predators from the south, helping to maintain high 

macrofaunal biomass (Grebmeier, 2012). The sediments here are comprised mainly of 

fine-grained silt and clay (~71–73%, the ≥5 phi component), along with high total 

organic carbon (TOC, ~1%) due to low current speeds (Grebmeier et al., 2015a). Nutrient 

concentrations in the bottom water are often high as well due to the proximity to nutrient-

rich upwelled Anadyr waters that flow onto the shallow shelf (Cooper et al., 2012, 2013; 

Grebmeier et al., 2015a; Figure 2.1). The seasonal ice dynamics in this area have been 

relatively stable over the last several years, and unlike other portions of the Arctic, the 

number of days with ice cover annually has not significantly declined during the time-
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series of this study (Frey et al., 2015). The persistence of this hotspot is likely due to 

early spring primary production, prior to significant zooplankton grazing, which settles 

into consistently cold bottom waters within the slower current region southwest of St. 

Lawrence Island (SLI) (Grebmeier and Barry, 2007; Cooper et al., 2012, 2013). 

  The dominant benthic organisms in the DBO1 region are bivalves and polychaetes 

that constitute prey patches for upper trophic level predators. Benthivores, particularly 

walrus and spectacled eiders, generally occupy the region during the winter and early 

spring, while there is sea-ice present in the northern Bering Sea (Grebmeier et al., 2015a). 

Walruses use the area south of St. Lawrence Island for feeding, reproduction, and resting 

in the winter (Jay et al., 2012, 2014), with similar usage by the world population of 

spectacled eiders overwintering before migration to coastal nesting sites in both Asia and 

North America (Lovvorn et al., 2014).  

 The DBO3 region north of Bering Strait includes stations that lie within the SECS 

hotspot (Figure 2.1). Water advected northward into this region during the ice-free season 

comes from three sources: more saline (> 32.5), cold (< 1 °C) Anadyr water in the west, 

fresher (< 31.8) and warmer (> 3 °C) Alaska Coastal Water to the east, and between the 

two water masses is an intermediate Bering Sea water that is a mixture of the two (Spall, 

2007; Grebmeier et al., 2006a; Figure 2.1). The sediments at this station are very similar 

to those of the DBO1 region, with ~71–73% of the sediment comprised of silt and clay, 

with a high TOC content (~1%; Grebmeier et al., 2015a). The average bottom water 

temperature in the DBO3 region is much warmer in the summer (~2.2 °C from July–

September) than the DBO1 region (< −1.6 °C) due to variable stratification and stronger 

mixing (Grebmeier et al., 2015a). Sea-ice extent in this DBO3 hotspot has declined in the 
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last several decades (Frey et al., 2015). Specifically, annual sea-ice persistence is 

declining by 9–12 days per decade, break-up of sea-ice is occurring on average 3–5 days 

earlier per decade, and re-freezing is happening 7–8 days later per decade (Frey et al., 

2015; Grebmeier et al., 2015a). High annual primary production and subsequent export to 

the benthos, mixing of several water masses, including the Anadyr water carrying high 

nutrients, and high total organic carbon content in the surface sediments facilitate the 

persistence of this hotspot (Grebmeier et al., 2006b, 2015a, 2015b). The dominant 

organisms in the DBO3 region are bivalves, specifically from the families Tellinidae (M. 

calcarea), Nuculanidae, and Nuculidae, as well as polychaetes (Grebmeier, 2012; 

Grebmeier et al., 2015b).  

 Decreases in benthic biomass, changes to predation patterns, and shifts northward 

of the benthic hotspots are all changes that are likely influenced by the diminishing sea-

ice and warming seawater (Grebmeier, 2012; Grebmeier et al., 2015a; Lovvorn et al., 

2009, 2014). Declines in overall benthic biomass have already been observed, with the 

largest reduction in the DBO1 region (SLIP stations) (Grebmeier, 2012). In the 1950s and 

early 1960s, Macoma calcarea, Gmelin, 1791, was the dominant species in the DBO1 

region, but Nuculana radiata replaced it in the late 1980s (Sirenko and Koltun, 1992). 

Around the same time, in the mid-1980s, more recent surveys started documenting 

declines in overall bivalve biomass (Grebmeier and Dunton, 2000). Here we document 

these changes over a longer time-series using another biological metric, the abundance of 

M. calcarea, in addition to biomass for this bivalve species for the years 1998–2014 in 

both the DBO1 and 3 regions. 
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  M. calcarea is both a deposit and suspension feeder that lives in muddy/gravelly 

sediments. This species has free-swimming pelagic larvae and generally reaches a 

maximum of ~45 mm in shell length. Using the time-series data from 1998 to 2014 at 

both the DBO1 (SLIP stations) and DBO3 (UTN stations) regions, we quantify the 

current state and recent trends in abundance and biomass of M. calcarea in the Pacific 

Arctic.  

2.3 Methods 

 

2.3.1 Sample collection 

M. calcarea were collected and preserved at eleven different stations, five in the 

DBO1 region (stations SLIP1-5 in the NBS), and six stations in the DBO3 region 

(stations UTN2-7 in the SECS; Table 2.1, Figure 2.1). Sediment samples were collected 

using a 0.1 m2 van Veen grab weighted with 32 kg lead, sieved through a 1-mm sieve 

screen, and the macrofauna collected were preserved in 10% buffered seawater formalin. 

M. calcarea were then sorted, identified, counted, and weighed post-cruise at land-based 

laboratories, and subsequently stored in 50% propanol. Macrobenthic samples from the 

DBO1 region and DBO3 region were collected during spring-to-fall cruises on the RV 

Alpha Helix (HX), and/or CCGS Sir Wilfrid Laurier (SWL) between 1998-2014. Cruises 

included HX214 (Sept 1998), HX224 (Sept 1999), and SWL (July 2000-2014, but not in 

2009).  

2.3.2 Abundance and biomass for M. calcarea 

M. calcarea abundance data for all years (1998-2014) in the DBO1 region and DBO3 

region (available from Grebmeier and Cooper, 2014a; Goethel, 2016) were originally 

determined as counts of the individuals in each of the four grabs collected at each station. 
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The abundance from each individual grab (0.1 m2) was multiplied by 2.5 to scale up to 

0.25 m2, and then the four abundance values were added together to scale up to an 

average abundance per square meter (number m-2) for each station in each year. M. 

calcarea biomass was similarly determined and is reported in gC/m2 using wet weight 

formalin-preserved measurements converted to g C dry weight using empirical equations 

determined by Stoker (1978) and Grebmeier et al. (1988).  

2.3.3 Statistical analyses 

All statistical analyses were undertaken using RStudio® (https://www.rstudio.com/, 

R version 3.2.3). Dynamic factor analysis (DFA) was used to evaluate the common 

patterns relating to the abundance and biomass of M. calcarea in both the DBO1 and 

DBO3 regions.  

2.3.3.1 Kruskal-Wallis: Abundance and biomass 

 

 Total average abundance for M. calcarea among all seventeen years (1998-2014) 

for both the DBO1 and DBO3 regions were compared using the Kruskal-Wallis rank sum 

test. The additional follow-up test was the Dunn's Test of Multiple Comparisons Using 

Rank Sums.  

2.3.3.2 Dynamic Factor Analysis (DFA) 

 

 We used the ‘MARSS’ package (Holmes et al., 2014a) in RStudio® to run the 

DFA to look for common patterns in the M. calcarea abundance and biomass time-series 

at the eleven stations in the study, similar to the approach described by Zuur et al. (2003). 

The general DFA model takes the observations (abundance and biomass separately), 

models them linearly to define underlying trends, and then clusters stations around these 
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trends using factor loadings (Holmes et al., 2014b). Factor loadings designate which of 

the trends relates to the individual time-series, in this case which station (Zuur et al., 

2003). DFA was chosen as the clustering technique because it provides more detailed 

information about how and why stations cluster together, rather than just determining the 

presence of clusters. The stations cluster together based on the behavior, or trend, of the 

variable (abundance or biomass) as modulated by a set of environmental covariates. This 

approach provides more detail about changes at each station in each year and how and if 

these relate to the trends seen at other stations.  

Both abundance and biomass data were scaled to z-scores for this analysis. We 

conducted six different dynamic factor analyses, four of which are presented here:  1) 

abundance data from the DBO1 region, 2) abundance data from the DBO3 region, 3) 

biomass data from the DBO1 region, and 4) biomass data from the DBO3 region. Two 

models were run with all eleven stations from both regions for both abundance and 

biomass; however, only the individual region models are presented, as they provided 

more detail about the trends of abundance and biomass observed in the two seas.  In each 

category several models were run and tested, and the best model in each of the four cases 

was chosen based upon the lowest Akaike information criterion (AIC), which is a 

measure of the quality of the models produced. We also ran the models with several 

potential explanatory covariates, specifically bottom water temperature (°C), satellite-

sensed sea-ice extent (km2) of the Bering and Chukchi Seas in July, August, and 

September depending on the year of the cruise, sediment chlorophyll-a (chl-a) 

inventories, total organic carbon (TOC), carbon to nitrogen ratios (C:N), and percentage 

of the sediment that was ≥5 phi (clay and silt components) to see if it improved model fit. 
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If a covariate did not improve the model fit, it was removed from the analysis. Bottom 

water temperature, surface sediment chl-a inventories, TOC, C:N, and grain size data 

were available from the same cruises as the M. calcarea samples (Grebmeier and Cooper, 

2014b), and sea-ice extent data (July, August, and September) were obtained from the 

National Snow and Ice Data Center (Fetterer et al., 2016). 

2.4 Results 

 

2.4.1. Abundance and biomass for DBO1 and DBO3 regions 

2.4.1.1 Statistical correlation analyses 

 

We compared the total mean abundance of M. calcarea over the seventeen years 

(1998-2014) at each station within each of the two regions studied. Results using the 

Kruskal Wallis test were significantly different (p < 0.05) for both the DBO1 and DBO3 

region. Results from the following Dunn’s Test of Multiple Comparisons Using Rank 

Sums showed several significant differences in abundance among stations in the DBO1 

region. The three southern-most stations (SLIP1, 2, and 3) were not significantly different 

from one another, but were significantly different from the two northern stations (p < 

0.05; Table 2.2; Figure 2.2, top panel). The two most northern stations in the DBO1 

region (SLIP4 and 5) were also significantly different from one another, in addition to 

having a significantly higher abundance of M. calcarea than the three southern stations 

(Table 2.2; Figure 2.2 top panel).  

The same analysis for time series abundance at the stations in the DBO3 region 

showed that the more southern stations (UTN2, 3, 4, and 5) were not significantly 

different from one another (p < 0.05; Table 2.3; Figure 2.2, bottom panel), but did have a 
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significantly higher abundance of M. calcarea than UTN6 and 7 (the most northern 

stations). UTN6 and 7 were significantly different from one another and the other four 

stations to the south (Table 2.3, Figure 2.2, bottom panel).  

A similar analysis undertaken for biomass in the two DBO regions yielded 

slightly different results. For example, SLIP1 and 2 stations in the DBO1 region were not 

significantly different from one another, but had a significantly lower biomass of M. 

calcarea than SLIP3 (Table 2.2; Figure 2.3, top panel). The two most northern stations 

(SLIP4 and 5) in the DBO1 hotspot were not significantly different from one another 

(Table 2.2; Figure 2.3, top panel).  

M. calcarea biomass in the DBO3 region differed somewhat from the patterns 

observed for the abundance data. Biomass was significantly lower at UTN2 than it was at 

UTN3, 4, 5, and 6. UTN3 and 4 had a significantly higher biomass than UTN7, and 

UTN5 had a significantly higher biomass than UTN2, 6, and 7 (Table 2.3; Figure 2.3, 

bottom panel).  

2.4.1.2 DFA modeling – abundance  

 

The best-fit model (Figure 2.4, bottom panel) of M. calcarea abundance in the 

DBO1 region showed two underlying trends among the five stations (Figure 2.4, top 

panel). The model fit was improved when surface sediment chl-a inventories were added 

as an explanatory variable. Based on the factor loadings (Figure 2.4, middle panel), 

SLIP1, 2, 3, and 4 clustered under Trend 1, an increasing trend (Figure 2.4, top panel). 

SLIP1, 3, and 5 clustered under Trend 2, which increased until about 2003 and then 

declined (Figure 2.4, top panel).  
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The best-fit model (Figure 2.5, bottom panel) using M. calcarea abundance data 

from the DBO3 region showed two separate trends (Figure 2.5, top panel), and the fit of 

the models was improved by adding surface sediment chl-a inventories, the percentage of 

≥5 phi grain size, and bottom water temperature as explanatory covariates. Trend 1 

increases throughout the entire time-series and based on factor loadings (Figure 2.5, 

middle panel) UTN2, 3, 4, 6, and 7 clustered under this trend. However, UTN3, 4, 6, and 

7 clustered more strongly under Trend 2, which is a slightly decreasing trend, along with 

UTN5.  

2.4.1.3 DFA modeling –biomass  

 

The biomass model for the DBO1 data was consistent with a two-trend model 

(Figure 2.6, top panel). Trend 1 biomass increases until about 2005 and then significantly 

declines until 2011, with a slight increase again at the end of the time-series. Trend 2 

biomass increases until 2004 then shows a variable decreasing and increasing pattern for 

the remainder of the time-series. Based on factor loadings (Figure 2.6, middle panel) 

SLIP1 and 5 cluster under Trend 1 and SLIP2, 3, and 4 cluster under Trend 2. The model 

fit (Figure 2.6, bottom panel) was improved with the addition of surface sediment chl-a 

inventories and percent ≥5 grain size as explanatory variables.  

The biomass model for the DBO3 data produced three underlying trends (Figure 

2.7, top panel) and model fit (Figure 2.7, bottom panel) was also improved by adding 

surface sediment chl-a inventories as an explanatory variable. Trend 1 decreases until 

about 2005 and then slowly increases (Figure 2.7, top panel). UTN2 and UTN6 cluster 

under this trend (Figure 2.7, middle panel). UTN2, 3, 4, and 7 clustered under Trend 2 
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which was relatively steady until about 2012 when there was a significant increase in 

biomass in the last two years (Figure 2.7, top and middle panels). UTN2 likely seems to 

cluster under both of these trends because they have similar shapes and both show an 

increase towards the end of the time-series. Finally, UTN5 clustered alone under trend 

three, which increased until 2008 and then slowly began to decline (Figure 2.7, top and 

middle panels).  

2.5 Discussion  

 

This study analyzed 17 years of data from an ongoing 25+-year dataset, with 

results indicating a northward shift of M. calcarea abundance and biomass in the DBO1 

region resulting in a contraction of the spatial area where M. calcarea is commonly 

found. The highest average abundance and biomass of M. calcarea for the 1998-2014 

period was found at the northernmost station (SLIP4, Figures 2.2 and 2.3, top panels), 

with declining trends generally occurring at the southernmost stations (SLIP1, 3 and in 

some cases SLIP2). These results suggest that recruitment events and sustained survival 

of M. calcarea have been more prominent in the northern portion of the DBO1 region. 

This may be associated with high sediment chl-a concentrations, which is consistent with 

a steady supply of organic carbon. In contrast, in the DBO3 region, a southward shift in 

M. calcarea abundance away from UTN5 to UTN2 was observed. M. calcarea biomass 

was still on average the highest at UTN5 in the north, suggesting recruitment events 

(numerous, but smaller individuals) are occurring at UTN2, but individuals at UTN5 are 

still growing despite declining abundance values. However, the biomass of M. calcarea 

at UTN5 has begun to decline. This suggests that growth may be declining at UTN5 due 

to changing environmental conditions, such as water column production and deposition to 
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the benthos of usable organic carbon. An increased supply of organic carbon as fluxes 

have apparently increased through Bering Strait may also favor species that are more 

direct suspension feeders.   

  The station at SLIP4 clustered under an increasing trend for abundance and an 

increasing, but then oscillating trend for biomass in the DFA (Figure 2.4-Trend 1 and 

Figure 2.6-Trend 2, respectively). Both the high average abundance and biomass and the 

increasing trends from the DFA indicate that the population of M. calcarea at this station 

was persistent. SLIP5, the station just south of SLIP4, also had a significantly higher 

average abundance and biomass of M. calcarea than the three most southern stations 

(Figures 2.2 and 2.3, top panels). However, the DFA results indicate that abundance 

(Figure 2.4-Trend 2) and biomass (Figure 2.6-Trend 1) at this station have begun to 

decline since 2003 and 2005, respectively. Two of the southern sites (SLIP1 and 3) saw 

the same decline of abundance in 2003 (Figure 2.4-Trend 2) and all three southern sites 

(SLIP1, 2, and 3) saw the decline of biomass in 2005 (Figure 2.6-Trend 1). Therefore, 

SLIP4 was the only site where these declines were not observed.  

Kruskal Wallis tests indicate that SLIP4 had a significantly higher average surface 

sediment chl-a inventory (p < 0.05) than the other four stations throughout the time 

series. In 2003, the sediment chl-a inventory at SLIP4 increased from 2002, whereas the 

other stations showed a decline in inventories. In 2005, SLIP4 had a much higher 

inventory of sediment chl-a (14-24 mg m-2 higher) than any station in that year. Trend 1 

(the overall declining trend in biomass; Figure 2.6), was marked by a reversal and slight 

increase in biomass in 2011. For sediment chl-a inventories, 2011 was a sharp maximum 

for all stations. Additionally after 2011, there has been a steady rise and a slight 
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increasing trend in sediment chl-a inventories at all stations. Sediment chl-a is a proxy for 

food availability, and when added as a covariate to both the abundance and biomass 

models for DBO1 improved model fit, i.e. helped to better describe the trends in the data. 

This suggests that food availability is a primary driver of M. calcarea abundance and 

biomass. This is consistent with the findings of Grebmeier et al. (1988; 1989) who also 

concluded that food was a primary driver for the benthic community as a whole.  

Raw abundance and biomass data from SLIP4 and one southern site, SLIP2, show 

increasing abundance and slightly increasing biomass at SLIP4 (Figure 2.8). For 

predators, such as the spectacled eider, higher abundance is not necessarily advantageous 

if the biomass of the potential prey (M. calcarea) is also not increasing. The stronger 

trend in increasing abundance at SLIP4 observed in both the raw data (Figure 2.8) and the 

DFA results (Figure 2.4-Trend 1 vs. the biomass trend in Figure 2.6-Trend 2) indicates 

higher recruitment, but not continued maintenance of the population. Analysis of the 

abundance of different size classes is ongoing and will be reported elsewhere, but the 

preliminary results indicate that M. calcarea is declining in size (larger numbers of 

smaller individuals; Caradine-Taber et al., 2017), and that there is a higher abundance of 

larger individuals at the northern stations than at the southern stations in the SLIP region. 

This suggests that these bivalves are surviving longer at points farther north, which may 

result from more optimal environmental conditions and/or less predation. These results 

are consistent with the reported reduction in the overall biomass in the southern-most 

SLIP stations (Grebmeier and Cooper, 2016), as well as the observed northward increase 

of biomass in other hotspot regions (Grebmeier et al., 2015a; Moore et al., 2018). All five 

SLIP (DBO1) stations previously clustered together in overall community composition 
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(Grebmeier and Cooper, 1995; 2016). However, separating out individual species or 

types of organisms, such as bivalves, allows for differences among groups, like those 

presented here, to emerge.   

In the DBO 3 region, the southernmost station (UTN2) was the only station that 

consistently clustered under increasing trends for both abundance and biomass (Figure 

2.5-Trend 1, and Figure 2.7-Trend 2), which may be due to increasing fluxes through 

Bering Strait that have been observed in recent years (Woodgate et al., 2012; 2018). 

Increasing northward flow might enhance organic carbon loads in bottom waters that 

suspension feeding organisms in the benthos could take advantage of.  If so, this may 

represent a shift of M. calcarea from deposit to suspension feeding modes to access 

suspended organic carbon in the overlying bottom water. An opposite pattern was seen at 

station UTN5 further north, which has the highest macrofaunal biomass in the DBO3 

hotspot, but is influenced by slower current speeds (Pisareva et al., 2015). While this 

station has the maximum biomass and abundance for M. calcarea (Figure 2.3, bottom 

panel; Figure 2.9), both abundance and biomass of M. calcarea have recently declined 

(Figure 2.9). Station UTN5 clustered under a decreasing trend for abundance (Figure 2.5-

Trend 2), but was the only station to exhibit this trend in recent years. Beginning in 2008, 

UTN5 had a decreasing pattern for biomass (Figure 2.7-Trend 3, Figure 2.9), that 

coincides with the same year there was a sharp increase in abundance at UTN2 (Figure 

2.5- Trend 1).   

These results suggest the highest M. calcarea abundance has shifted southward 

away from UTN5 towards UTN2, and although it is beginning to decline, the highest 

biomass values still remain at UTN5 (Figure 2.3, bottom panel). The lower abundance of 
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M. calcarea at UTN5, yet overall average higher biomass, is consistent with a larger, 

older M. calcarea population at UTN5, with favorable conditions for M. calcarea to 

grow. While UTN2 still has a significantly average lower M. calcarea biomass than 

UTN5 in recent years (Figure 2.3, bottom panel), the abundance of M. calcarea at this 

station is increasing, indicating strong recruitment, as high abundance and low biomass 

indicate a population of small individuals. Given the declining M. calcarea biomass at 

UTN5 and increasing M. calcarea biomass at UTN2, a likely explanation is a higher level 

of export production of suspended organic matter to the southern stations (e.g. UTN2) in 

recent years, which may facilitate a switch by M. calcarea to more suspension feeding. 

Future planned work will include M. calcarea length/weight analyses at these two 

stations to evaluate the time-series change in growth rates. It is noteworthy that despite 

these differing trends in abundance and biomass, all of these stations (UTN2-7) cluster 

together in community composition, by abundance, in the SECS (Grebmeier et al., 1989; 

2015).  

Over the last 25 years, there have been different degrees of environmental change 

in these two regions, including both increasing air and seawater temperatures and sea-ice 

loss (Grebmeier, 2012). Although these parameters were not kept as covariates in most of 

our trend models (bottom water temperature was used in the DBO3 models), they could 

still be contributing to the patterns in M. calcarea populations. As seawater temperatures 

have risen, some sub-Arctic species have been able to extend their range northward, and 

are likely competing with Arctic species for resources (Grebmeier et al., 2006b; Mueter 

and Litzow, 2008). Mueter and Litzow (2008) hypothesized a northward migration of 

subarctic and arctic species due primarily to a decline in sea-ice production in the winter 
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that controls the extent of the bottom water cold pool that persists year-round in the 

DBO1 region. Their time-series analysis concluded that bottom water temperature played 

the most significant role and that warmer temperatures in the Bering Sea are the probable 

cause of distribution shifts northward of various fish and epibenthic species (Mueter and 

Litzow, 2008). Additionally, this study showed a ~230 km northward retreat of the sea-

ice influenced cold pool in the Bering Sea since the 1980s. With northward distribution 

shifts of sub-Arctic species, it might be expected that the population of M. calcarea 

bivalves would be affected at the most southerly DBO1 stations first. This expectation is 

consistent with the trends observed here. Abundance and biomass are increasing at the 

northernmost SLIP station in the DBO1 region (SLIP4), while decreasing trends were 

observed in the southern stations (at SLIP1 and in some cases, also at SLIP2, 3, and 5 to 

the north) in the DBO1 region.  

The DFA models of abundance and biomass at the DBO1 suggest that surface 

sediment chl-a inventories (a proxy indicator for recent organic carbon deposition to the 

benthos) and the percentage of ≥5 phi grain size (silt and clay content), an indirect 

indicator of current speed, played the most significant role, as opposed to temperature 

increases that were attributed by Mueter and Litzow (2008) for facilitating northward 

expansion of sub-Arctic species (e.g. commercial fish and crabs). Persistent <-1°C 

temperatures in the bottom waters in the DBO1 region result from very cold water 

production by the winter SLI polynya. At the three most southern stations in DBO1 

(SLIP1, 2, and 3), biomass showed a large decline in 2009, the same year a shift from 

dominance of bivalves to polychaetes was observed at these southern DBO1 locations 

(Grebmeier and Cooper 2016). Changes to sediment grain size have been simultaneously 
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occurring in this region with an increased proportion of finer sediments (~71-73% silt 

and clay), which coincided with the switch to dominance of polychaetes over bivalves 

(Grebmeier et al., 2015; Grebmeier and Cooper, 2016).  

 In this study, we only examined environmental controls on population dynamics 

of M. calcarea.  However, top-down control of M. calcarea populations by predators 

could be an additional factor, particularly in the DBO1 region, where northward shifts of 

sub-Arctic species could favor the appearance of new predators for benthic organisms. 

The abundance of predators on M. calcarea could be added as a covariate to future 

regional models. Additionally, DFA models could be developed to include the abundance 

of predators (e.g. walruses, spectacled eiders, sea stars) to track changes in their 

populations that could be compared to the DFA models of the prey items, such as M. 

calcarea. Biomass of prey items (i.e. M. calcarea) available to predators could also be a 

covariate in a DFA model examining abundance of predators in specific regions. Other 

factors that may be needed to improve the models used here include the extent of the cold 

pool and total benthic macrofaunal community composition, as hypothesized by Mueter 

and Litzow (2008). 

Covariates that improved the fit of the DBO 3 region models were surface 

sediment chl-a inventories (both abundance and biomass), sediments with percentage ≥5 

phi grain size (abundance only), and bottom water temperature (abundance only). Bottom 

water temperature is much more variable in the DBO3 region than it is in the DBO1 

region because the former is not in a persistent cold pool. This finding suggests the 

reason why temperature likely plays a key role on M. calcarea growth in the DBO3 

region, but not in the DBO1 region, where there is little temperature variability. Surface 



 
 

54 

 

sediment chl-a is the only parameter that improved all models in both regions, suggesting 

that food availability is a primary driver of M. calcarea abundance and biomass, a finding 

that is also supported for the benthic community as a whole (Grebmeier et al., 1988; 

Grebmeier et al., 1989).  

2.6 Conclusions  

 

Tracking both abundance and biomass of individual organisms through time can 

provide insights on ecosystem change and potential consequences of these changes. This 

study used 17 years of data from an ongoing 25+ year dataset and found that M. calcarea 

is shifting northward in the DBO1 region, and the most likely explanatory covariate is 

high sediment chl-a inventories, which are consistent with a steady organic carbon 

supply. The northward contraction could displace these bivalves away from the known 

winter foraging areas for the spectacled eider. Farther north in the DBO3 regions, the 

shift of M. calcarea maximum abundance is towards the south. These results may be due 

to changing water column production and deposition to the benthos of usable organic 

carbon, including an increased supply of organic carbon to suspension feeders as fluxes 

have apparently increased through Bering Strait. We conclude that both DBO regions are 

seeing shifts in the population of M. calcarea due to changing physical and biological 

variables.  

Future work can provide further insights by incorporating size class data of all 

dominant bivalves in both the DBO1 and DBO3 regions to better understand the 

differences and linkages in the trends between abundance and biomass. It would also be 

useful in future efforts to create a predictive model of bivalve abundance and biomass 

using appropriate environmental data (e.g. sediment chl-a, TOC, ≥5 phi grain size for 
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both the DBO1 and 3 regions, along with bottom water temperature in the DBO3 region), 

which could improve these abundance and biomass dynamic factor analysis models. 

Improved models could allow for more realistic projections of abundance and biomass 

for these bivalve populations, thus creating a better understanding of how changing 

physical factors can affect the benthic prey base that apex predators rely on.  
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Tables 

 

 

 
 

Table 2.1 Latitude and longitude of the five northern Bering Sea-St. Lawrence Island Polynya (DBO1 region, 

SLIP) stations and the six southeastern Chukchi Sea (DBO3 region, UTN) stations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DBO Region Station Latitude (N) Longitude (W) 

DBO1 SLIP 1 62.011 -175.059 

DBO1 SLIP 2 62.050 -175.209 

DBO1 SLIP 3 62.390 -174.570 

DBO1 SLIP 5 62.560 -173.549 

DBO1 SLIP 4 63.030 -173.460 

DBO3 UTN 2 67.050 -168.728 

DBO3 UTN 3 67.333 -168.998 

DBO3 UTN 4 67.501 -168.913 

DBO3 UTN 5 67.671 -168.958 

DBO3 UTN 6 67.736 -168.439 

DBO3 UTN 7 67.999 -168.933 
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Table 2.2 Dunn’s test results comparing the abundance and biomass of Macoma calcarea at the benthic sites in 

the northern Bering Sea DBO1 region (SLIP stations). Bold indicates a significant difference. The stations in 

bold have a higher abundance or biomass. 

 

Site comparison-

Abundance 

Abundance, 

p-value 

Site comparison-

Biomass 

Biomass,     

p-value 

SLIP1 vs. SLIP2 n.s. SLIP1 vs. SLIP2 n.s. 

SLIP1 vs. SLIP3 n.s. SLIP1 vs. SLIP3 0.04 

SLIP1 vs. SLIP5 0.003 SLIP1 vs. SLIP5 0.0001 

SLIP1 vs. SLIP4 0.0001 SLIP1 vs. SLIP4 0.0001 

SLIP2 vs. SLIP3 n.s. SLIP2 vs. SLIP3 n.s. 

SLIP2 vs. SLIP5 0.004 SLIP2 vs. SLIP5 0.0001 

SLIP2 vs. SLIP4 0.0001 SLIP2 vs. SLIP4 0.0001 

SLIP3 vs. SLIP5 0.02 SLIP3 vs. SLIP5 0.001 

SLIP3 vs. SLIP4 0.0001 SLIP3 vs. SLIP4 0.0002 

SLIP4 vs. SLIP5 0.04 SLIP4 vs. SLIP 5 n.s. 
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Table 2.3 Dunn’s test results comparing the abundance and biomass of Macoma calcarea at the benthic sites in 

the southeastern Chukchi Sea DBO3 region (UTN stations). Bold indicates a significant difference. The stations 

in bold have a higher abundance or biomass. 

 

Site comparison-

Abundance 

Abundance, 

p-value 

Site comparison-

Biomass 

Biomass,        

p-value 

UTN2 vs. UTN3 n.s. UTN2 vs. UTN3 0.001 

UTN2 vs. UTN4 n.s UTN2 vs. UTN4 0.002 

UTN2 vs. UTN5 n.s UTN2 vs. UTN5 0.0001 

UTN2 vs. UTN6 0.03 UTN2 vs. UTN6 0.02 

UTN2 vs. UTN7 0.0001 UTN2 vs. UTN7 n.s. 

UTN3 vs. UTN4 n.s. UTN3 vs. UTN4 n.s. 

UTN3 vs. UTN5 0.5 UTN3 vs. UTN5 n.s. 

UTN3 vs. UTN6 0.002 UTN3 vs. UTN6 n.s. 

UTN3 vs. UTN7 0.0001 UTN3 vs. UTN7 0.0001 

UTN4 vs. UTN5 n.s. UTN4 vs. UTN5 n.s. 

UTN4 vs. UTN6 0.006 UTN4 vs. UTN6 n.s. 

UTN4 vs. UTN7 0.0001 UTN4 vs. UTN7 0.0002 

UTN5 vs. UTN6 0.002 UTN5 vs. UTN6 0.03 

UTN5 vs. UTN7 0.0001 UTN5 vs. UTN7 0.0001 

UTN6 vs. UTN7 0.02 UTN6 vs. UTN7 0.005 
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Figure 2.1 Map of Distributed Biological Observatory (DBO) with the stations occupied in DBO1 (SLIP stations) and the 

DBO3 region (UTN stations) for Macoma calcarea bivalves collected during the annual Canadian Coast Guard Ship 

(CCGS) Sir Wilfrid Laurier (SWL) cruises highlighted in purple. Black arrows indicate currents in the study region. The 

black boxes denote the bounding boxes for the DBO1 and DBO3 regions. Figure modified from Grebmeier, 2012.  
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South North 

South North 

Figure 2.2 (Top) Mean Macoma calcarea abundances within northern Bering Sea DBO1 region (SLIP 

stations). (Bottom) Mean M. calcarea abundances within the SE Chukchi Sea DBO3 region (UTN 

stations). Colored boxes (blue, green, red) surround stations that grouped together statistically.  
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South North 

South North 

Figure 2.3 (Top) Mean Macoma calcarea biomass within northern Bering Sea DBO1 region (SLIP 

stations). (Bottom) Mean M. calcarea biomass within the southeastern Chukchi Sea DBO3 region (UTN 

stations). Colored boxes (blue, green, red) surround stations that grouped together statistically. Boxes do 

not surround the bottom figure as the statistical relationships were not as clear as at the other stations, see 

Table 2.3 for statistical comparisons of these sites.  
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Figure 2.4 (Top) The two trends produced from the dynamic factor analysis (DFA) describing common patterns in 

abundance data from the five northern Bering Sea DBO1 region (SLIP stations) of Macoma calcarea. (Middle) Loadings 

from DFA model output for assigning the two trends to the abundance values at the different sites. Loadings show the 

separation of stations influenced by each of the trends. (Bottom) Model output from best-fit model produced by the DFA. 

Blue points are the observed abundance index and the black line indicates model predictions. 
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Figure 2.5 (Top) The two trends produced from the dynamic factor analysis (DFA) describing 

common patterns in abundance data from six SE Chukchi Sea DBO3 region (UTN stations) of 

Macoma calcarea. (Middle) Loadings from DFA model output for assigning the two trends to the 

abundance values at the different sites. Loadings show the separation of stations influenced by each 

of the trends. (Bottom) Model output from best-fit model produced by the DFA. Blue points are the 

observed abundance index and the black line indicates model predictions.  
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Figure 2.6 (Top) The two trends produced from the dynamic factor analysis (DFA) describing 

common patterns in Macoma calcarea biomass data from the northern Bering Sea DBO1 region 

(SLIP stations). (Middle) Loadings from DFA model output for assigning the two trends to the 

biomass values at the different sites. Loadings show the separation of stations influenced by each 

of the trends. (Bottom) Model output from best-fit model produced by the DFA. Green points 

are the observed biomass index and the black line indicates model predictions.  
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Figure 2.7 (Top) The three trends produced from the dynamic factor analysis (DFA) describing 

common patterns in Macoma calcarea biomass data from the SE Chukchi Sea DBO3 region 

(UTN stations). (Middle) Loadings from DFA model output for assigning the three trends to the 

biomass values at the different sites. Loadings show the separation of stations influenced by each 

of the trends. (Bottom) Model output from best-fit model produced by the DFA. Green points are 

the observed biomass index and the black line indicates model predictions.  
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Figure 2.8 (Top) Raw abundance data of Macoma calcarea from SLIP2 (gray line) and SLIP4 (black line) in the 

northern Bering Sea DBO1 region. (Bottom) Raw biomass data of M. calcarea at both SLIP2 (gray line) and 

SLIP4 (black line).  
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Figure 2.9 (Top) Raw abundance data of Macoma calcarea from UTN2 (gray line) and UTN5 (black line) in the SE 

Chukchi Sea DBO3 region. (Bottom) Raw biomass data of M. calcarea at both UTN2 (gray line) and UTN5 (black line).  
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Chapter 3: Size class analyses of the bivalves Macoma calcarea and Serripes spp. in 

the northern Bering Sea and the southeastern Chukchi Sea during 2015-2019 in 

relation to environmental change 

Christina L. Goethel, Jacqueline M. Grebmeier, Vyacheslav Lyubchich, Lee W. Cooper, 

Karen E. Frey   

3.1 Abstract  

 Benthic community structure in the Pacific Arctic is influenced by environmental 

parameters, particularly bottom water temperature and food availability. In recent years 

(2015-2019), some of these environmental parameters have changed dramatically. The 

northern Bering Sea (NBS) and the southeast (SE) Chukchi Sea have experienced 

declining sea ice extent and warming bottom water temperatures, particularly in the last 5 

years. Here, we track abundance and dominant size class of two dominant bivalve taxa, 

Macoma calcarea and Serripes spp. Macoma calcarea was tracked at eleven stations, 

five in the NBS and six in the SE Chukchi Sea, and Serripes spp. were tracked in the six 

SE Chukchi Sea sites, as part of the Distributed Biological Observatory, a network of 

time-series sites in the region. Abundance of M. calcarea increased at southern stations in 

the NBS during this period after previous declines. In the SE Chukchi Sea, M. calcarea 

abundance remained high; by comparison, Serripes spp. declined to almost zero in 2018 

and 2019. Median size class of M. calcarea ranged from 0.2-3.3 cm (length) in the NBS 

and SE Chukchi Sea. We modeled the median bivalve size class using a mixed effects 

model with environmental parameters and the best explanatory variables were sediment 

chlorophyll-a inventories and bottom water temperatures, with region set as the random 

effect. Smaller (0.2-0.4 cm length) M. calcarea were more abundant at the northern 

stations in the NBS.  
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3.2 Introduction  

Within the last two decades, five of the six most recent years (2015-2020) have all 

been in the top ten lowest Arctic sea ice September minimum extents (National Snow and 

Ice Data Center, Figure 3.1). Currently the Pacific Arctic is experiencing rapid 

environmental changes, including the aforementioned declining sea ice extent as well as 

increasing water temperatures (e.g. Frey et al. 2019, Stabeno et al. 2019, Danielson et al. 

2020). For example, abnormally high (~1.5 °C warmer) bottom water temperatures were 

recorded in 2018 in the northern Bering Sea (NBS) (Grebmeier et al. 2018, Stabeno et al. 

2019). Annual sea ice persistence, defined as >15% coverage in a satellite (SSM/I and 

SSMIS) image pixel, were much lower in the NBS. At the stations sampled in 2018 in the 

NBS, there was a maximum of 33 days of ice present as compared to 2015 that had a 

maximum of 100 days (Frey et al. 2021, in review).   

Decreases in benthic macrofaunal biomass, changes to predation patterns, and 

shifts northward of benthic hotspots in the NBS and SE Chukchi Sea are all changes that 

are likely occurring because of diminishing sea ice and warming seawater (Grebmeier 

2012, Grebmeier et al. 2015, Lovvorn et al. 2009, 2014, Grebmeier et al. 2018, Goethel et 

al. 2019). Declines in overall benthic biomass have already been observed in the Pacific 

Arctic, with the largest declines in the region south of St. Lawrence Island (SLI) 

(Grebmeier 2012, Grebmeier et al. 2018). Historically, the region to the southwest of SLI 

has had high biomass of three families of bivalves: Macoma calcarea (Tellinidae), 

Ennucula tenuis (Nuclidae), and Nuculana radiata (Nuculanidae) (Grebmeier and Cooper 

1995, 2016, Grebmeier et al. 2006a, 2015, Grebmeier 2012). Data from five time-series 

stations within the SLI Polynya (SLIP) region that are part of the international 

Distributed Biological Observatory (DBO) network (Figure 3.2) have shown long term 
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declines in benthic abundance and biomass, particularly in the bivalve N. radiata, but 

potential increases in other species such as the bivalve E. tenuis (Grebmeier et al. 2006, 

Grebmeier 2012, Grebmeier et al. 2018). In the 1950s and early 1960s, M. calcarea was 

the dominant species in the region, but N. radiata replaced it in the late 1980s (Sirenko 

and Koltun 1992). Around the same time, in the mid-1980s, studies started documenting 

declines in overall bivalve biomass, as well as a decrease in the average size of the 

bivalves (Grebmeier and Dunton 2000).  

The bivalves in the Pacific Arctic are a common prey item for benthivorous apex 

predators including the spectacled eider (Somateria fischeri) (Lovvorn et al. 2003) and 

the Pacific walrus (Obenus rosmarus divergens) (e.g. Fay 1982), two focal predators in 

this region. In a study conducted by Lovvorn et al. (2003), spectacled eiders were found 

to prey predominantly upon N. radiata in the 18-24 mm length size class. Despite the fact 

that both E. tenuis and M. calcarea of similar size provide more energy than N. radiata 

(44% and 62%, respectively, Lovvorn et al. 2003), each has characteristics that likely 

make it less ideal prey for the spectacled eider. E. tenuis has a thicker shell and is 

believed to take more energy to digest in the gizzard, whereas M. calcarea live in deeper 

sediments (generally >10 cm deep) and are therefore harder for the ducks to obtain 

(Lovvorn et al. 2003). The spectacled eider is classified as a threatened species under the 

US Endangered Species Act and the only over wintering ground (October-late December- 

mid April period) is in the sea ice found south of St. Lawrence Island (Lovvorn et al. 

2003, Cooper et al. 2013), therefore the location and presence of seasonal sea ice plays a 

large role in whether spectacled eiders can access optimal foraging locations (Lovvorn et 

al. 2009, 2014), and with the recent variability in sea ice, the decreases in clam 
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populations have coincided with declines in spectacled eiders (Lovvorn et al. 2009, 

Grebmeier 2012).  

Bivalves are a major prey item for the Pacific walrus (Johansen 1912, Tsalkin 

1937, Nikulin 1941, Vibe 1950, Brooks 1954, Mansfield 1958, Loughrey 1959, Fay 

1982, Bluhm and Gradinger 2008, Sheffield and Grebmeier 2009) and over 200,000 

walruses have been known to forage in both the NBS and the SE Chukchi Sea (Fay 

1982). Unlike the spectacled eiders, Pacific walrus can forage up to 30 cm deep in the 

sediment (Oliver et al. 1983), so the burying depth of M. calcarea does not protect from 

predation and high biomass of M. calcarea has been significantly correlated with Pacific 

walrus foraging grounds and activity (Jay et al. 2014). Similar to the spectacled eider, 

there is a winter breeding ground south of St Lawrence Island (SLI) here both males and 

females are present, and during the summer and autumn months, males remain in the 

Bering Sea, including hauling out on the Russian coast and in Briston Bay in the 

southeast Bering Sea (Smith 2010, Garlich-Miller et al. 2011, Koch et al. 2021). By 

comparison, females and their young move into the Chukchi Sea to forage during the 

summer and autumn months (Smith 2010, Garlich-Miller et al. 2011, Koch et al. 2021). 

These geographical ranges that walruses use overlap with seasonal ice coverage (Smith 

2010, Garlich-Miller et al. 2011), as the ice historically serves as a platform for breeding 

and resting.  

In the NBS (Jay et al. 2014) and the SE Chukchi Sea (Beatty et al. 2016), both M. 

calcarea and Serripes spp. (Ray et al. 2006, Seymour et al. 2014) are nutritious, caloric-

rich food sources for the Pacific walrus, making bivalve location useful to tracking 

walrus diet (Koch et al. 2021). Serripes spp. are estimated to contain 21 kJ/g dry weight  
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(dw) and if an approximate 3g dw/clam (Hondolero et al. 2012) is assumed, male 

walruses can consume about 4000 clams per day, while females can consume about 3000 

clams per day (Seymour et al. 2014). Females and young tend towards consuming the 

smaller bivalves, including M. calcarea, but in some cases up to 10kg of feet from 

Serripes groenlandicus have been observed in young walrus stomachs (Fay 1982). When 

females are lactating and energetic demands increase, their bivalve consumption can 

double (Noren et al. 2012, Noren et al. 2014).  

By comparison, polychaetes have been found to be some of the least common 

prey items in stomach and diet analyses of Pacific walrus due to digestion bias in 

stomach analyses (Sheffield et al. 2001). Notably the NBS region has seen a shift from a 

dominance of the preferred clams to polychaetes, particularly in the southern stations of 

the DBO1 region (Grebmeier et al. 2018). M. calcarea, in particular has been declining at 

these stations as well (Goethel et al. 2019). Walrus prey that is non-molluscan have been 

deemed energetically inferior (Fay et al. 1977) and foraging of these prey items is 

occurring in areas that are not as suitable (i.e. not dominated by clams) (Mansfield 1958).  

The abundance of M. calcarea and Serripes spp. and changes in their dominant 

size classes could inform whether preferred prey are available to these two apex predators 

that both depend on the regions for food and over wintering. Using abundance data from 

1998-2019 and size class data from 2015-2019, we sought to quantify the current state 

and recent trends (2015-2019) in these parameters for M. calcarea in the NBS and M. 

calcarea and Serripes spp. in the SE Chukchi Sea. Our aim is to then place and compare 

these results from a time of environmental changes (2015-2019) to the longer time-series 

of bivalve characteristics (1998-2014, Grebmeier and Cooper 2014). Additionally, we 
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examine the drivers behind the recruitment and size patterns of these two bivalve taxa 

from 2015-2019 using length-weight (L/W) data at known biological hotspots in the NBS 

(DBO1) and SE Chukchi Sea (DBO3) (Figure 3.2). Bivalve size class distributions were 

documented for five years (2015-2019) within the DBO benthic population collection 

time series at five stations south of SLI in DBO1 and six stations north of the Bering 

Strait in the DBO3 region. These sites have known physical changes (e.g., reduced sea 

ice coverage, increasing seawater temperatures) that have biological consequences as 

observed in ecosystem and population shifts (Grebmeier et al. 2018, Goethel et al. 2019). 

Understanding and measuring the ecological resiliency, or the ability to maintain or 

reassemble existing biological patterns after an ecological or environmental disturbance, 

will help predict future maintenance of the ecosystem. Here we evaluate the population 

dynamics of dominant bivalve species by comparing their abundance and median size 

class in recent years relative to environmental stressors and in relation to a longer time 

series of bivalves and environmental parameters. 

3.3 Methods  

3.3.1 Sample Collection  

Macoma calcarea and Serripes spp. were collected using a 0.1 m2 van Veen grab 

weighted with 32 kg lead, with sediments sieved through a 1-mm sieve screen and the 

macrofauna retained were then preserved in 10% buffered seawater formalin at eleven 

different stations, five in the DBO1 region (stations SLIP1-5 in the NBS, M. calcarea 

only), and six stations in the DBO3 region (stations UTN2-7 in the SE Chukchi Sea, M. 

calcarea and Serripes spp.) (See Figure 3.2). All species were subsequently sorted, 

identified, counted, and weighed (wet weight) post-cruise at land-based laboratories, and 

subsequently stored in 50% propanol. Macoma calcarea and Serripes spp. were then 
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separated for further size class analyses (described in 3.3.2). All macrobenthic samples 

from the DBO1 region and DBO3 region were collected during July cruises aboard the 

Canadian Coast Guard Ship Sir Wilfrid Laurier (SWL) between 2015-2019.  

3.3.2 Abundance and size class calculations for M. calcarea and Serripes spp.  

Macoma calcarea and Serripes spp. abundance data for all years (2015-2019) in the 

DBO1 region and DBO3 region (Grebmeier and Cooper 2019, unpublished data) were 

originally determined as counts of the individuals in each of the four grabs collected at 

each station. The abundance from each individual grab (0.1 m2) was multiplied by 2.5 to 

scale up to 0.25 m2, and then the four abundance values were added together to scale up 

to an average abundance per square meter (number m-2) for each station in each year. 

Previous data (1998-2014) (Grebmeier and Cooper 2014) were also determined this way, 

so comparisons of the recent years (2015-2019) to the past are consistent.  

Individual bivalves of each species from the four grabs at each station in each year 

was measured for length (maximum distance along the anterior-posterior axis as 

described by Gaspar et al. 2001, Figure 3.3) to the nearest 0.1 cm using a pair of Capri 15 

cm stainless steel digital calipers. Abundance of each size class was scaled to a 1 m2 area 

as described above.  

3.3.3 Environmental parameters 

Selected environmental parameters were measured at each station for comparison 

with macrobenthic populations. These parameters included bottom water temperature 

(°C), sediment chlorophyll-a (chl-a) inventories (mg/m2), total organic carbon (TOC) (%) 
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carbon to nitrogen ratios (C:N), percentage of the sediment that was ≥5 phi (clay and silt 

components), year, and days of sea ice persistence, following Frey et al. (2021).  

3.3.4 Statistical analyses  

All statistical analyses were undertaken using R version 4.0.3 (R Core Team 2020) 

(https://www.rstudio.com/, R version 4.0.3). Statistical tests included Kruskal-Wallis 

rank sum test, Dunn's test of rank sums, and a mixed effects model explained below.  

 3.3.4.1 Abundance Comparisons – M. calcarea and Serripes spp.  

 Abundance values for M. calcarea and Serripes spp. were compared against each 

other for four time periods (1998-2002, 2003-2008, 2009-2014, and 2015-2019). Each 

time period includes at least one year of low ice extent (National Snow and Ice Data 

Center, Figure 3.1). The historical record low minimum September ice extent occurred in 

2012 with the second lowest year in 2007. Ice extent in all years of the most recent time 

period (2015-2019) was lower than the median ice extent (km2) over the period from 

1981-2010. Total average abundances of M. calcarea and Serripes spp. among time 

periods for both the DBO1 and DBO3 regions were compared using the Kruskal-Wallis 

rank sum test. Significant results were followed with multiple comparisons using Dunn's 

test of rank sums.  

3.3.4.2 Mixed Effects Model of Median Size Class – M. calcarea  

We used a mixed effects model (Zuur et al. 2009) to study the relationships 

between the median size class of M. calcarea and the environmental parameters 

described in section 3.3.3, while accounting for region (DBO1 and DBO3) as a random 

intercept and with autocorrelation. We started with the restricted maximum likelihood 

estimation (REML) as our set method with all of our explanatory variables to select the 

random effects. Explanatory variables included those environmental parameters listed in 
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section 3.3.3. We then used the maximum likelihood (ML) method for selection of fixed-

effect variables starting with a model that included all of the explanatory variables 

followed by stepwise removal of individual explanatory variables. The best model was 

chosen using the Akaike information criterion (AIC). Residuals versus fitted values were 

plotted for the model to check for randomness around the mean for each of the random 

effects and fixed variables, using the R package ‘nlme’ (Pinheiro et al. 2021).   

3.4 Results 

3.4.1 Abundance Comparisons – M. calcarea and Serripes spp.  

 In both DBO1 and DBO3, the total mean abundance of M. calcarea differed 

across stations (SLIP1-5 and UTN2-7) in the four different time periods (Kruskal Wallis 

test, p < 0.01). Results of multiple comparisons showed several significant differences in 

abundance among time frames that are described below. 

At DBO1, on average, more recent years had a higher abundance of M. calcarea 

(Table 3.1, Figure 3.4), even in the southern stations (SLIP1, 2, 3). However, during the 

period from 2015-2019, abundance of M. calcarea was significantly higher than the 

previous period, 2009-2014, at SLIP2 and SLIP3 (Table 3.2, Figure 3.4). At SLIP3, the 

first three time periods [(1998-2002), (2003-2008), (2009-2014)] were not significantly 

different from one another, but all had lower abundance than 2015-2019 (p < 0.01, 

p=0.02, and p <0.01, respectively). The opposite pattern was observed at SLIP5, in which 

abundance was higher from 2003-2008 than in the two following time periods (2009-

2014, p<0.01; 2015-2019, p=0.03). At the most northern station in DBO1 (SLIP4), the 

same trends as SLIP1were apparent, where the 1998-2002 time period had significantly 
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lower abundance than all three subsequent periods of time [(2003-2008), (2009-2014), 

(2015-2019)] (p=0.01, p<0.01, p<0.01, respectively).  

Broadly, at the DBO3 stations, abundance of M. calcarea was significantly higher 

in later years (Table 3.1, Figure 3.5). At the three most southern stations (UTN2, 3, 4), 

two groups were observed. The two later time periods (2009-2014 and 2015-2019) had 

significantly higher abundances of M. calcarea than the earlier time periods [(1998-2002) 

and (2003-2008)] (all p-values listed in Table 3.2), but within the pairs there was no 

significant differences. At UTN5, the most recent three time periods were all significantly 

different from 1998-2002 (p=0.03, p=0.01 p=0.04), with higher bivalve abundances in 

the later years. At the two most northern stations in DBO3 (UTN6, 7), bivalve abundance 

was higher in final time period (2015-2019) than in the previous three [(1998-2002), 

(2003-2008), (2009-2014)] (p-values range = 0.01-0.03) and, at UTN6, abundance was 

higher in 2009-2014 than in 2003-2008 (p=0.01). 

The abundance of Serripes spp. at UTN2-6 was significantly higher in both 2009-

2014 and 2015-2019 than in earlier time periods (Table 3.1, Figure 3.6). Although there 

was a decline in Serripes spp. abundance in 2018-2019, the period from 2009-2014 was 

not significantly different (Table 3.2) from 2015-2019 at any of the stations. There were 

no significant differences among time periods at UTN7, the most northern station in 

DBO3.   

3.4.2 Median Size Class – M. calcarea and Serripes spp.  

 The median size class of M. calcarea at the three most northern stations in the 

DBO1 region (SLIP 3 (0.3-0.7 cm), SLIP5 (0.3-0.9 cm), SLIP4 (0.2-0.8 cm)) were 
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smaller than the median size classes at SLIP1 (1.1-2.1 cm) and SLIP2 (1.2-2 cm) (Table 

3.3, Figure 3.7). Generally, the median size class increased each year and the size classes 

could be tracked through time at the different stations. The preferred size class of 

bivalves for the spectacled eider (1.8-2.4) was most prevalent at SLIP1 and SLIP2, but 

decreased at all stations by 2019 (Figure 3.8).  

 In the DBO3 region, the median size class of M. calcarea tended to be larger and 

have a larger range (0.1-3.3 cm) than those at the DBO1 stations (0.2-2.1 cm) (Table 3.3).  

UTN5 had the widest range (0.3-3.3 cm) and the largest median size (3.3 cm) than any of 

the other stations (Figure 3.9). Just as in DBO1, the median size class generally increased 

each year and could be tracked through time.  

 Median size class of Serripes spp. was more difficult to track as there were fewer 

individuals in each year and at each station. In several instances, there was only one 

individual (Table 3.7) present. UTN2 had the most consistent population of Serripes spp. 

to measure (Figure 3.10). At stations and years in which multiple individuals were 

collected, the median size class was larger in subsequent years. 

3.4.3 Mixed Effects Model – Median Size Class of M. calcarea  

From the mixed effects model analyses, the random intercept model with region 

and a correlations structure of AR(1) (1-step autoregressive) was chosen based upon the 

lowest AIC (134.93). From the summary of that model (REML), the only significant 

(p<0.05) explanatory variables were bottom water temperature and sediment chl-a values. 

During the ML method stage (described in Methods section 3.3.32), bottom water 
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temperature and sediment chl-a inventories were again the significant (p<0.05) variables. 

The model was tested a third time by employing each of the variables individually and 

comparing it to the full model (as described in Methods section 3.3.3.2), which included 

both bottom water temperature and sediment chlorophyll-a. The AIC analysis indicated 

that including both of these variables produced the best model. We ran residual 

diagnostics by plotting the residuals versus the fitted values as a final check of the model 

and generally they appear to be random around the mean, thus satisfying the test and 

check.  

3.5 Discussion  

Tracking abundance and size class of organisms through time provides insights on 

ongoing ecosystem change and potential consequences that result from these changes. 

Abundance data from the current study were added to previous analyses (Goethel et al. 

2019) and indicate that abundance of the common bivalve M. calcarea in more recent 

years has begun to increase again at the southern sites in the NBS and may be declining 

at UTN2 in the SE Chukchi Sea, but increasing further north at UTN3 and UTN4. Size 

class measurements show larger clams in the SE Chukchi Sea than the NBS and smaller 

median size classes at the northernmost stations in each region (SLIP3, SLIP5, SLIP4, 

and UTN7). Results of the mixed effects model indicated that bottom water temperature 

and sediment chlorophyll-a inventories are significant predictors for the median size class 

of M. calcarea, which is consistent with predictors for the abundance of M. calcarea in 

these regions (Goethel et al. 2019) and for community benthic biomass (Grebmeier et al. 

1988).  
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We added abundance data for another bivalve in the SE Chukchi Sea, Serripes 

spp. to the modeling analyses in order to evaluate potential differences in drivers and 

success of populations of different species at the same sites. Beginning in 2011, there was 

a large increase in the abundance of Serripes spp. in the DBO3 region (UTN stations). 

High abundance was seen again from 2015-2017, with a decline in 2018 and 2019. 

The pattern of increased abundance of M. calcarea in the southern DBO1 stations 

from 2015-2019 are broadly the opposite pattern observed from 1998-2014, when 

abundance declined in 2003 and a decline began in 2005 (Goethel et al. 2019). 

Oscillations in species composition have been documented in the region before, as 

mentioned previously with the switch between M. calcarea and Nuculana radiata 

(Sirenko and Koltun 1992). In 2019, the dominant bivalve species at SLIP 4 was found to 

be E. tenuis (Goethel et al. 2021, in revision), a switch from the previous dominance of 

M. calcarea. The two Nuculana spp. found here, N. radiata and N. pernula along with E. 

tenuis are all deposit feeders, while M. calcarea can act as both a deposit and a filter 

feeder. Because food has consistently been documented as a driver for benthic fauna at 

DBO1, understanding feeding strategies and what food is being utilized could help 

further explain changes in dominant bivalves, and predict when different species will be 

dominant. For example, Kędra et al. (2021) concluded through compound-specific carbon 

isotope analysis of amino acids (δ13CAA) that M. calcarea and E. tenuis use organic 

matter of different quality, implying they could be switching feeding preferences 

depending on season. Food in this system is heavily seasonal, and as ice extent declines, 

reliance on the stored ‘food bank’ (Mincks et al. 2005, McTigue and Dunton 2014, 

Schollmeier et al. 2018, Koch et al.2020) could become increasingly important. 
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Dependence on spring sea ice algae production by benthic fauna in the DBO1 region is 

long after the seasonal sea ice has disappeared (Koch et al. 2020). Abundance and size 

class values for this study were calculated from animals collected in July of all years. Ice 

had retreated by April, so we were sampling in a summer month well after ice retreat and 

the open water phytoplankton bloom, and as these ice conditions shift, availability of 

different food sources may facilitate one species over others. Further exploration into the 

cycles of dominant bivalves and food quality and availability is warranted to determine 

what may cause these decadal cycles in dominance. For example, there is ongoing work 

to quantify similar information for the Nuculana species found at DBO1 to compare to 

M. calcarea trends (C. Goethel and L. Swam, unpublished data).  

From 2015-2019, the preferred size class (1.8-2.4 cm) of bivalves for spectacled 

eiders was most frequent at SLIP1 and SLIP2 (Figure 3.8), but beginning in 2018 SLIP2 

began to decline and in 2019 the percentage of this size class was the lowest in all six 

years. Temperature and sediment chlorophyll-a inventories were the best predictors for 

median size class and 2019 was a year following very warm bottom water temperatures 

in this region. It has been hypothesized that benthic hotspots that persist in colder 

temperatures, like DBO1, could be more sensitive to future warming (Grebmeier et al. 

2015). More data are needed to determine if one of those sensitivities is the ability to 

grow and consistently maintain a viable population of bivalves. Smaller median size 

classes were observed at the northerly stations in DBO1. The dominance of smaller 

individuals of M. calcarea at these sites could be a product of annual variation in 

spawning times and variable growth rates. This species is a broadcast spawner, producing 

copious numbers of larvae that produce small first year class bivalves. However, a similar 
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decline in size at these sites appears to have occurred in earlier years as well (C. Goethel, 

unpublished data), suggesting that the smaller median bivalve size over the past decade is 

more likely a response to environmental changes and ensuing ecosystem re-structuring, 

and not simply a result of spawning time variations.   

Trade-offs among processes related to growth and reproduction are shaped by 

environmental influences on specific life history traits, including age/size mortality 

regimes, maturation age, adult body size, and reproductive investment (e.g. Roff 1983, 

2002, Lester et al. 2004, and Ejsmond et al. 2015). The northern stations of the SLIP 

region, where a smaller median size class was observed, had higher average annual sea 

ice persistence (calculated as described in the methods section) over the 2015-2019 time 

period. SLIP1 and SLIP2 had an average of 63.2 days of sea ice persistence, and in 2018 

sea surface ice coverage in the region never reached 15% or higher (0 days persistence). 

SLIP3, 5 and 4 had averages of 71.4, 80.8 and 89.8 days, respectively. Ice algae has been 

shown to be an energetically valuable food source for benthic fauna (e.g. McMahon et al. 

2006), so if ice is limited and that lipid rich food source is not consistently available, 

energetically costly activities like reproduction may be jeopardized. If this is the case, it 

makes sense that spawning and recruitment may occur more frequently at the northern 

stations. Kędra et al. (2021) also found that fresh primary production increased with 

increasing latitude and sea ice persistence that influenced populations of M. calcarea and 

E. tenuis, whereas in areas of earlier sea-ice retreat there was a higher reliance by 

bivalves on bacterially reworked organic matter. A similar trend may be occurring on the 

smaller latitudinal scale within the DBO1 region as well.  
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In contrast to the DBO1 region, a southward shift in M. calcarea abundance was 

previously observed at DBO3 (Goethel et. al 2019). The previous hotspot at UTN5 saw a 

shift southward with higher bivalve abundance towards UTN2. Goethel et al. (2019) 

hypothesized that because the biomass on average was still the highest at UTN5, 

recruitment events (numerous, but smaller individuals) were occurring at UTN2, and that 

individuals at UTN5 still had a sustainable population, despite declining abundance 

values. Size class calculations provide further details and can better define the 

relationship between abundance and biomass and the characteristics of the prey available 

to the predators. The size class calculations support this hypothesis as UTN5 had a higher 

median size class range than UTN2. Unlike in the DBO1 region, the DBO3 region did 

not have large differences in average days of sea ice persistence (155.2-159.4); however, 

the differences in median size were also closer between UTN2 and UTN5 than at the 

SLIP stations.  

For Serripes spp. in the DBO3 region, in addition to the increase in abundance 

seen in 2011, the biomass drastically increased in 2013/2014, particularly at the two most 

southern stations (UTN 2 and UTN 3) that lie just north of the Bering Strait (Grebmeier 

et al. 2018). This coincides with a large increase in average M. calcarea abundance at 

UTN 2, 3, 4, and 5 between 2003-2008 and 2009-2014 that was sustained in our recent 

focus of 2015-2019. As suspension feeders, Serripes spp. rely more on suspended 

materials to the bottom, rather than reworked materials in the sediments. The UTN 

stations lie just north of the Bering Strait (Figure 3.2), and water advected in the area 

comes from three sources: cold, salty, nutrient-rich Anadyr water, warmer, fresher Alaska 

Coastal Water, and an intermediate Bering Sea water that is a mixture of the two (Spall 
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2007). Flow data from the Bering Strait moorings (Woodgate 2018) suggest that there 

could be a potential relationship between the flow of these waters through Bering Strait, 

coincident advection of organic matter to the region, and the population of Serripes spp. 

at the UTN sites. The years 2011 and 2013-2015 had high flow through Bering Strait, 

with 2014 having the highest recorded flow throughout the entire time series dating back 

to 1990 (Woodgate 2018, Woodgate and Peralta-Ferriz 2021). These are the same years 

that increases in Serripes spp. abundance (2011) and biomass (2013/2014) were observed 

and where the average abundance of M. calcarea increased. 

However, when samples were collected at UTN2 in 2018, the sediment was 

anoxic, and there were large numbers of empty shells. This same pattern of few or no 

living collections of Serippes spp. was true for the other UTN stations as well, but the 

populations of M. calcarea were stable and still had high abundance values. An increased 

supply of organic carbon as suspended load flowing through the Bering Strait might favor 

species that are more direct suspension feeders, like Serripes spp., but increased 

populations of this species may have exceeded the ability for the ecosystem to support 

their demands and resulted in a high death rate due to anoxia in the benthic boundary 

layer. As a facultative suspension feeding deposit feeder, M. calcarea could have been 

using organic carbon that has been stored and recycled in the sediments through the 

microbial loop rather than new pulses of food required by obligate suspension feeders 

(e.g. Serripes spp.; (Lovvorn et al. 2018). Macoma spp. could rely more heavily on the 

longer term ‘food bank’ (McTigue and Dunton 2014) of organic carbon stored in 

sediments throughout the season and during lower advective flow years.  
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3.6 Conclusions  

Shifts in the distribution of bivalve abundance and documentation of dominant 

size class of these species will allow future work to evaluate more rigorously whether 

these observed changes are due to environmental changes or a product of natural 

variability within a population. Additionally, it will help define characteristics of the 

dominant prey populations for higher trophic level predators. For example, the UTN 

stations in the SE Chukchi Sea maintain a bivalve abundance that can support walrus 

feeding given the feeding requirement for 3000-4000 clams per day. Future work should 

aim to understand in more detail the decadal, cyclical patterns seen in the bivalve 

community at DBO1 by adding in other bivalve data, in addition to that presented here 

for M. calcarea and Serippes spp. at DBO3. Additionally, because food has been 

repeatedly shown to be the main driver for benthic fauna in the Pacific Arctic, studies 

should combine food quality questions using isotopic and other techniques with 

population dynamic studies.  
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Tables  
Table 3.1 Average abundance (no/m2) of 4 grabs ± 1SD of Macoma calcarea at the Distributed Biological 

Observatory (DBO) region 1 St. Lawrence Island Polynya (SLIP) stations, DBO3 UTN stations, and Serripes 

spp. at UTN stations (Grebmeier and Cooper 2014).  

Station Species Year Average ±1SD 

SLIP 1 M. calcarea 1998-2002 36 16 

SLIP 1 M. calcarea 2003-2008 168 272 

SLIP 1 M. calcarea 2009-2014 146 117 

SLIP 1 M. calcarea 2015-2019 253 63 

SLIP 2 M. calcarea 1998-2002 43 22 

SLIP 2 M. calcarea 2003-2008 83 34 

SLIP 2 M. calcarea 2009-2014 110 65 

SLIP 2 M. calcarea 2015-2019 208 17 

SLIP 3 M. calcarea 1998-2002 59 37 

SLIP 3 M. calcarea 2003-2008 135 57 

SLIP 3 M. calcarea 2009-2014 93 66 

SLIP 3 M. calcarea 2015-2019 336 55 

SLIP 5 M. calcarea 1998-2002 238 68 

SLIP 5 M. calcarea 2003-2008 284 74 

SLIP5 M. calcarea 2009-2014 71 61 

SLIP 5 M. calcarea 2015-2019 164 43 

SLIP 4 M. calcarea 1998-2002 122 40 

SLIP 4 M. calcarea 2003-2008 330 125 

SLIP 4 M. calcarea 2009-2014 410 102 

SLIP 4 M. calcarea 2015-2019 489 366 

UTN 2 M. calcarea 1998-2002 251 127 

UTN 2 M. calcarea 2003-2008 365 405 

UTN 2 M. calcarea 2009-2014 2891 1687 

UTN 2 M. calcarea 2015-2019 2132 1083 

UTN 3 M. calcarea 1998-2002 441 432 

UTN 3 M. calcarea 2003-2008 625 472 

UTN 3 M. calcarea 2009-2014 2397 1856 

UTN 3 M. calcarea 2015-2019 3180 1777 

UTN 4 M. calcarea 1998-2002 580 832 

UTN 4 M. calcarea 2003-2008 395 186 

UTN 4 M. calcarea 2009-2014 2012 1194 

UTN 4 M. calcarea 2015-2019 2859 569 

UTN 5 M. calcarea 1998-2002 426 393 

UTN 5 M. calcarea 2003-2008 1013 536 

UTN 5 M. calcarea 2009-2014 1411 562 

UTN 5 M. calcarea 2015-2019 861 227 
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UTN 6 M. calcarea 1998-2002 201 98 

UTN 6 M. calcarea 2003-2008 172 78 

UTN 6 M. calcarea 2009-2014 301 65 

UTN 6 M. calcarea 2015-2019 312 70 

UTN 7 M. calcarea 1998-2002 115 98 

UTN 7 M. calcarea 2003-2008 65 24 

UTN 7 M. calcarea 2009-2014 133 113 

UTN 7 M. calcarea 2015-2019 657 694 

UTN 2 Serripes spp. 1998-2002 5 10 

UTN 2 Serripes spp. 2003-2008 3 5 

UTN 2 Serripes spp. 2009-2014 182 146 

UTN 2 Serripes spp. 2015-2019 105 85 

UTN 3 Serripes spp. 1998-2002 0 0 

UTN 3 Serripes spp. 2003-2008 0 0 

UTN 3 Serripes spp. 2009-2014 23 21 

UTN 3 Serripes spp. 2015-2019 21 19 

UTN 4 Serripes spp. 1998-2002 0 0 

UTN 4 Serripes spp. 2003-2008 1 1 

UTN 4 Serripes spp. 2009-2014 30 25 

UTN 4 Serripes spp. 2015-2019 5 3 

UTN 5 Serripes spp. 1998-2002 0 0 

UTN 5 Serripes spp. 2003-2008 1 2 

UTN 5 Serripes spp. 2009-2014 20 9 

UTN 5 Serripes spp. 2015-2019 9 5 

UTN 6 Serripes spp. 1998-2002 0 0 

UTN 6 Serripes spp. 2003-2008 1 1 

UTN 6 Serripes spp. 2009-2014 10 9 

UTN 6 Serripes spp. 2015-2019 15 24 

UTN 7 Serripes spp. 1998-2002 0 0 

UTN 7 Serripes spp. 2003-2008 1 1 

UTN 7 Serripes spp. 2009-2014 1 1 

UTN 7 Serripes spp. 2015-2019 1 1 
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Table 3.2 P-values from Dunn's Test of Multiple Comparisons Using Rank Sums of Macoma calcarea and 

Serripes spp. average abundance (no/m2) in the four different time frames evaluated at the Distributed Biological 

Observatory (DBO) region 1 St. Lawrence Island Polynya (SLIP) stations and DBO3 UTN stations. Bolded 

years indicate a significantly higher abundance using p-value of ≤0.05. Only comparisons that were significantly 

different are included in the table. All other comparisons were not significant.  

Station Species Year p-value 

SLIP 1 M. calcarea 1998-2002 vs. 2003-2008 0.04 

SLIP 1 M. calcarea 1998-2002 vs. 2009-2014 0.03 

SLIP 1 M. calcarea 1998-2002 vs. 2015-2019 <0.01 

SLIP 2 M. calcarea 1998-2002 vs. 2009-2014 0.04 

SLIP 2 M. calcarea 1998-2002 vs. 2015-2019 <0.01 

SLIP 2 M. calcarea 2003-2008 vs. 2015-2019 0.01 

SLIP 2 M. calcarea 2009-2014 vs. 2015-2019 0.02 

SLIP 3 M. calcarea 1998-2002 vs. 2015-2019 <0.01 

SLIP 3 M. calcarea 2003-2008 vs. 2015-2019 0.02 

SLIP 3 M. calcarea 2009-2014 vs. 2015-2019 <0.01 

SLIP 5 M. calcarea 1998-2002 vs. 2009-2014 0.01 

SLIP 5 M. calcarea 2003-2008 vs. 2009-2014 <0.01 

SLIP 5 M. calcarea 2003-2008 vs. 2015-2019 0.03 

SLIP 4 M. calcarea 1998-2002 vs. 2003-2008 0.01 

SLIP 4 M. calcarea 1998-2002 vs. 2009-2014 <0.01 

SLIP 4 M. calcarea 1998-2002 vs. 2015-2019 <0.01 

UTN 2 M. calcarea 1998-2002 vs. 2009-2014 <0.01 

UTN 2 M. calcarea 1998-2002 vs. 2015-2019 <0.01 

UTN 2 M. calcarea 2003-2008 vs. 2009-2014 <0.01 

UTN 2 M. calcarea 2003-2008 vs. 2015-2019 0.01 

UTN 3 M. calcarea 1998-2002 vs. 2009-2014 0.01 

UTN 3 M. calcarea 1998-2002 vs. 2015-2019 <0.01 

UTN 3 M. calcarea 2003-2008 vs. 2009-2014 0.02 

UTN 3 M. calcarea 2003-2008 vs. 2015-2019 0.01 

UTN 4 M. calcarea 1998-2002 vs. 2009-2014 0.01 

UTN 4 M. calcarea 1998-2002 vs. 2015-2019 <0.01 

UTN 4 M. calcarea 2003-2008 vs. 2009-2014 0.01 

UTN 4 M. calcarea 2003-2008 vs. 2015-2019 <0.01 

UTN 5 M. calcarea 1998-2002 vs. 2003-2008 0.03 

UTN 5 M. calcarea 1998-2002 vs. 2009-2014 0.01 

UTN 5 M. calcarea 1998-2002 vs. 2015-2019 0.04 

UTN 6 M. calcarea 1998-2002 vs. 2015-2019 0.03 

UTN 6 M. calcarea 2003-2008 vs. 2009-2014 0.01 

UTN 6 M. calcarea 2003-2008 vs. 2015-2019 0.01 

UTN 7 M. calcarea 1998-2002 vs. 2015-2019 0.01 

UTN 7 M. calcarea 2003-2008 vs. 2015-2019 0.01 
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UTN 7 M. calcarea 2009-2014 vs. 2015-2019 0.02 

UTN 2 Serripes spp.  1998-2002 vs. 2009-2014 <0.01 

UTN 2 Serripes spp.  1998-2002 vs. 2015-2019 0.01 

UTN 2 Serripes spp.  2003-2008 vs. 2009-2014 <0.01 

UTN 2 Serripes spp.  2003-2008 vs. 2015-2019 0.02 

UTN 3 Serripes spp.  1998-2002 vs. 2009-2014 <0.01 

UTN 3 Serripes spp.  1998-2002 vs. 2015-2019 0.01 

UTN 3 Serripes spp.  2003-2008 vs. 2009-2014 <0.01 

UTN 3 Serripes spp.  2003-2008 vs. 2015-2019 0.01 

UTN 4 Serripes spp.  1998-2002 vs. 2009-2014 <0.01 

UTN 4 Serripes spp.  1998-2002 vs. 2015-2019 0.01 

UTN 4 Serripes spp.  2003-2008 vs. 2009-2014 <0.01 

UTN 4 Serripes spp.  2003-2008 vs. 2015-2019 0.04 

UTN 5 Serripes spp.  1998-2002 vs. 2009-2014 <0.01 

UTN 5 Serripes spp.  1998-2002 vs. 2015-2019 0.01 

UTN 5 Serripes spp.  2003-2008 vs. 2009-2014 <0.01 

UTN 5 Serripes spp.  2003-2008 vs. 2015-2019 0.03 

UTN 6 Serripes spp.  1998-2002 vs. 2009-2014 <0.01 

UTN 6 Serripes spp.  1998-2002 vs. 2015-2019 0.01 

UTN 6 Serripes spp.  2003-2008 vs. 2009-2014 0.01 

UTN 6 Serripes spp.  2003-2008 vs. 2015-2019 0.03 
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Table 3.3 Median size class (cm) of both Macoma calcarea and Serripes spp. at the St. Lawrence Island Polynya 

(SLIP) and UTN stations from 2015-2019. An * indicates where there was only one individual in the sample.  

Year Station Species Median Size Class (cm) 

2015 SLIP 1 M. calcarea 1.1 

2016 SLIP 1 M. calcarea 1.5 

2017 SLIP 1 M. calcarea 1.7 

2018 SLIP 1 M. calcarea 2.1 

2019 SLIP 1 M. calcarea 1.6 

2015 SLIP 2 M. calcarea 1.2 

2016 SLIP 2 M. calcarea 1.5 

2017 SLIP 2 M. calcarea 2.0 

2018 SLIP 2 M. calcarea 1.7 

2019 SLIP 2 M. calcarea 1.6 

2015 SLIP 3 M. calcarea 0.4 

2016 SLIP 3 M. calcarea 0.5 

2017 SLIP 3 M. calcarea 0.3 

2018 SLIP 3 M. calcarea 0.4 

2019 SLIP 3 M. calcarea 0.7 

2015 SLIP 5 M. calcarea 0.8 

2016 SLIP 5 M. calcarea 0.8 

2017 SLIP 5 M. calcarea 0.9 

2018 SLIP 5 M. calcarea 0.3 

2019 SLIP 5 M. calcarea 0.3 

2015 SLIP 4 M. calcarea 0.7 

2016 SLIP 4 M. calcarea 0.7 

2017 SLIP 4 M. calcarea 0.8 

2018 SLIP 4 M. calcarea 0.2 

2019 SLIP4 M. calcarea 0.4 

2015 UTN 2 M. calcarea 1.8 

2016 UTN 2 M. calcarea 2.0 

2017 UTN 2 M. calcarea 2.0 

2018 UTN 2 M. calcarea 2.3 

2019 UTN2 M. calcarea 2.4 

2015 UTN 3 M. calcarea 2.0 

2016 UTN 3 M. calcarea 2.0 

2017 UTN 3 M. calcarea 2.2 

2018 UTN 3 M. calcarea 2.6 

2019 UTN3 M. calcarea 2.4 

2015 UTN 4 M. calcarea 2.0 

2016 UTN 4 M. calcarea 2.0 

2017 UTN 4 M. calcarea 2.1 
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2018 UTN 4 M. calcarea 2.2 

2019 UTN4 M. calcarea 2.2 

2015 UTN 5 M. calcarea 1.9 

2016 UTN 5 M. calcarea 0.3 

2017 UTN 5 M. calcarea 3.3 

2018 UTN 5 M. calcarea 2.9 

2019 UTN 5 M. calcarea 2.7 

2015 UTN 6 M. calcarea 2.3 

2016 UTN 6 M. calcarea 0.2 

2017 UTN 6 M. calcarea 2.9 

2018 UTN 6 M. calcarea 3.1 

2019 UTN6 M. calcarea 3.2 

2015 UTN 7 M. calcarea 0.2 

2016 UTN 7 M. calcarea 0.1 

2017 UTN 7 M. calcarea 0.8 

2018 UTN 7 M. calcarea 1.1 

2019 UTN 7 M. calcarea 1.4 

2015 UTN 2 Serripes spp 4.5 

2016 UTN 2 Serripes spp 4.9 

2017 UTN 2 Serripes spp 5.0 

2018 UTN 2 Serripes spp 3.9 

2019 UTN2 Serripes spp 5.6 

2015 UTN 3 Serripes spp 4.8 

2016 UTN 3 Serripes spp 5.1 

2017 UTN 3 Serripes spp 5.4 

2018 UTN 3 Serripes spp 6.7*  

2019 UTN3 Serripes spp n/a 

2015 UTN 4 Serripes spp 5.0 

2016 UTN 4 Serripes spp 4.6 

2017 UTN 4 Serripes spp 6.2* 

2018 UTN 4 Serripes spp 5.9 

2019 UTN4 Serripes spp 6.2* 

2015 UTN 5 Serripes spp 5.5 

2016 UTN 5 Serripes spp 5.7 

2017 UTN 5 Serripes spp 6.3 

2018 UTN 5 Serripes spp 6.8* 

2019 UTN 5 Serripes spp 6.1 

2015 UTN 6 Serripes spp 5.7 

2016 UTN 6 Serripes spp 4.7 

2017 UTN 6 Serripes spp 5.5 

2018 UTN 6 Serripes spp n/a 
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2019 UTN6 Serripes spp 6.2* 

2015 UTN 7 Serripes spp 4.4* 

2016 UTN 7 Serripes spp n/a 

2017 UTN 7 Serripes spp n/a 

2018 UTN 7 Serripes spp n/a 

2019 UTN 7 Serripes spp 5.3* 
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Figure 3.1 (Top) Average September sea ice extent from the National Snow and Ice Data 

Center from 1979-2020. The focal years of 2015-2019 are highlighted by the black box. 

(Bottom) Sea ice extent, highlighting the low ice years of 2012 and 2016-2020 as they 

compare to the 1981-2010 median (National Snow and Ice Data Center). 2016-2019 are 

years highlighted in this study for examining abundance and size class measurements.  
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Figure 3.2 Map of Distributed Biological Observatory (DBO) with the stations occupied in DBO1 (SLIP stations) and the 

DBO3 region (UTN stations) for Macoma calcarea and Serripes spp. bivalves collected during the annual Canadian Coast 

Guard Ship Sir Wilfrid Laurier (SWL) cruise. SWL cruises highlighted in purple. Black arrows indicate currents in the 

study region. The black boxes denote the bounding boxes for the DBO1 and DBO3 regions. Figure modified from 

Grebmeier, 2012.  
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Length 

Figure 3.3 Location of length measurement on 

Macoma calcarea (left) and Serripes spp. (right) 

bivalve shells for length-weight analysis. 

Length 
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Figure 3.4 Box plot of Macoma calcarea abundance (number/m2) at the SLIP stations from south to north (left to right) for the different 

time periods: 1998-2002, 2003-2008, 2009-2014, and 2015-2019.  
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Figure 3.5 Box plot of Macoma calcarea abundance (no/m2) at the UTN stations from south to north (left to right) for the different 

time periods: 1998-12002, 2003-2008, 2009-2014, and 2015-2019. 



 
 

109 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   UTN 2            UTN 3         UTN 4          UTN 5         UTN 6             UTN 7 

A
b
u
n
d
an

ce
 (

n
u
m

b
er

/m
2
) 

Statio

n Figure 3.6 Box plot of Serripes spp. abundance (no/m2) at the UTN stations from south to north (left to right) for the 

different time periods: 1998-12002, 2003-2008, 2009-2014, and 2015-2019. 
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Figure 3.7 Abundance (no/m2) of size class (per 0.1 cm length) of Macoma calcarea through the years (2015-2019) at the DBO1 

stations from south to north.  
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Figure 3.8 Percentage of the total abundance comprised of Macoma calcarea in the 1.8-2.4 cm size class, the 

preferred size class range for spectacled eiders, at each SLIP station from 2015-2019.  
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Figure 3.9 Abundance (no/m2) of size class (per 0.1 cm length) of Macoma calcarea through the years (2015-

2019) at the DBO3 stations from south to north. 
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Figure 3.10 Abundance (no/m2) of size class (per 0.1 cm length) of Serripes spp. through the years (2015-2019) at the DBO3 

stations from south to north. 
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Chapter 4: Impacts of changes in seawater temperature and food supply on 

sediment oxygen consumption and macrofaunal composition in the northern Bering 

and Chukchi Seas 

 

Christina L. Goethel, Jacqueline M. Grebmeier, Christopher L. Rowe, Lee W. Cooper  

Goethel, C.L., Grebmeier, J.M., Rowe, C.L., Cooper, L.W., 2021. Impacts of changes in 

seawater temperature and food supply on sediment oxygen consumption, and dominant 

benthic fauna in the northern Bering and Chukchi Seas. PLoS ONE. Revised and re-

submitted.  
 

4.1 Abstract 

With ongoing shifts to shorter seasonal sea ice duration and significantly higher 

surface and bottom water temperatures in the Pacific Arctic, understanding the biological 

responses to changes in seawater temperatures and food availability is crucial for 

evaluating ecosystem change. Temperature and food supply influence benthic community 

structure, with food acting as one of the strongest drivers for benthic biomass, including 

for dominant bivalves (e.g. Macoma calcarea, Gmelin 1791) that are important 

components of the benthic food web. Sediment community oxygen consumption (SCOC) 

incubation experiments were undertaken on the United States Coast Guard Cutter Healy 

in order to examine the effects of increased temperatures and food addition to overall 

sediment community oxygen consumption and nutrient cycling in the northern Bering 

and Chukchi Seas. These experiments were completed at six sites located in the northern 

Bering Sea, SE Chukchi Sea, and NE Chukchi Sea regions. Our initial findings indicate 

SCOC is highest in the SE Chukchi Sea, higher in warmer seawater temperatures, and 

slightly higher with the addition of food, which is generally consistent with previous 

experimental results in this region. Respiration rates were also evaluated for individual 

specimens of dominant benthic organisms at each site, primarily different species of 

bivalves (M. calcarea and Ennucula tenuis, Montagu, 1808) from the northern Bering 
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and SE Chukchi Sea sites and amphipods (Ampelisca spp.) at the NE Chukchi Sea site. 

Individual metabolic rates of these organisms were compared to total oxygen 

consumption rates in the full sediment cores, with ammonium flux rates used as a 

potential indicator of animal excretion.  

4.2 Introduction 

 

In recent years, the continental shelves of the northern Bering and Chukchi Seas, 

which are strongly influenced by oceanographic and biogeochemical forcing of Pacific 

water passing through Bering Strait into the Arctic Ocean, have experienced rapid 

environmental change. These include recent shifts to shorter seasonal sea ice duration 

(Frey et al. 2015, 2018, 2021, Stabeno et al. 2019, Danielson et al. 2020) and 

significantly higher surface and bottom water temperatures (Wood et al. 2015, Grebmeier 

et al. 2018, Figure 4.1). The lowest maximum winter sea ice extent was recorded in 2017-

2018 in the northern Bering Sea (Thoman et al. 2020), with bottom water temperatures 

the following summer (2018) ~1.5°C higher than previously recorded (Stabeno et al. 

2019, Grebmeier et al. 2018, Figure 4.1). Conditions were nearly as warm in 2019 

following another winter of reduced seasonal sea ice (Cooper et al. 2021). These warming 

seawater temperatures and declining sea ice extent and duration have implications for 

biological production. In the future, overall primary production in the Pacific Arctic is 

projected to continue to increase with warmer temperatures and a longer open water 

period (Arrigo et al. 2015, Lewis et al. 2020). However, mismatches with zooplankton 

grazing (Campbell et al. 2009) and changes to the size structure of the phytoplankton 

community may lead to a decline in available carbon supply to the benthos (Waga et al. 
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2019), and thus a weakening of the strong pelagic-benthic coupling historically observed 

in this region (Moore and Stabeno 2015).  

The Distributed Biological Observatory (DBO) is a network of established 

transects that utilize the latitudinal variations in seasonal sea ice duration in this region as 

a change detection array of localized biological “hotspots” (Grebmeier et al. 2010, 

Grebmeier 2012, Moore and Grebmeier 2018). The sampling strategy has been 

contributing data on physical and biological changes through the last decade, with a 

subset of stations having data available over multiple decades. Some of these physical 

changes including temperature and organic carbon supply, are drivers that influence 

benthic community structure and function (Grebmeier 2012, Grebmeier et al. 2015a, 

Grebmeier et al. 2018), with organic carbon supply being the largest driver of benthic 

biomass (Grebmeier et al. 1988, 1989). The northern Bering and SE Chukchi Seas are 

some of the most seasonally productive areas in the world ocean (Grebmeier 2012), and 

the timing and availability of organic matter to the benthos influences pelagic-benthic 

coupling in a variety of continental shelf regions (Grebmeier et al. 2015a, Coyle et al. 

2007, Renaud et al. 2015). Currently, limited zooplankton grazing in the spring over the 

shallow shelf areas of the Pacific Arctic allows for a greater export of organic material to 

the underlying sediments (Campbell et al. 2009, Grebmeier et al. 2006a, Nelson et al. 

2014, Lalande et al. 2020). The period of May- June has historically been when ice edge 

and open water production occurs with seasonal sea ice retreat (Springer et al. 1996, Lee 

et al. 2007, Cooper et al. 2012), resulting in a large supply of organic carbon to the 

benthos that sustains localized regions of high benthic biomass and diversity (Iken et al. 

2010, Dunton et al. 2014, Grebmeier et al. 2015b).  However, increasing annual warming 
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trends across the DBO regions have led to earlier sea ice retreat in the spring, including 

the recent extreme limitation of sea ice extent south of St. Lawrence Island in March 

2018 and April/May in 2019 (Grebmeier et al. 2019, Frey et al. 2019).  

Based mostly on studies of Antarctic species (e.g. White 1975, Davenport 1988, 

Peck 1996, Ahn and Shim 1998), polar organisms have relatively low basal metabolic 

rates (Vahl 1978, Opalinski and Weslawksi 1989, Jones et al. 2021). However, both 

increases in temperature (Clarke and Fraser 2004) and ingestion of food typically 

increase metabolic (respiration) rates of ectotherms (McCue 2006 and references therein). 

Ammonia efflux is typically high from organisms and sediment in many Polar Regions 

due to high carbon export, high sediment oxygen demand, and benthic carbon cycling 

(Mathis et al. 2014). High sediment ammonia effluxes can indicate regeneration of 

organic matter within the sediments following microbial activity as well as macrofaunal 

metabolic process (Grebmeier and Cooper 1995). In benthic systems where temperature 

and the abundance and quality of food are variable in space and time, evaluating the 

metabolic responses of dominant macrofaunal species to temperature and ingestion can 

provide an index of changes in carbon cycling.  

The aim of our study was to quantify the effects of temperature and food, namely 

organic carbon, availability on sediment carbon metabolism in order to better quantify 

carbon deposition and cycling in three of the DBO biological hotspots: DBO1 in the 

northern Bering Sea, DBO3 in the SE Chukchi Sea, and DBO4 in the NE Chukchi Sea 

(Figure 4.2). Sediment community oxygen consumption (SCOC) and individual 

metabolic experiments were undertaken in summer 2019 after the anomalously low 

winter sea ice conditions the prior winter, and SCOC data were used as a proxy for 
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organic matter consumption and energy flow through the study region. Stations were 

chosen based upon where bivalves of interest were present (Grebmeier et al. 2015a, 

2015b, 2018, Goethel et al. 2019).  

4.3 Methods 

4.3.1 Shipboard collections  

 

Sediment core and individual animal shipboard experiments were conducted 

during a research cruise in August 2019 aboard the United States Coast Guard Cutter 

(USCGC) Healy [HLY 1901; https://doi.org/10.7284/908768] during the Distributed 

Biological Observatory-Northern Chukchi Integrated Study (DBO-NCIS) program at 

stations in DBO regions 1, 3 and 4 (Figure 4.2).  

4.3.2 Experimental Design – Sediment Cores 

 

Eight sediment cores were collected at each station using a 0.0133 m2 multi-

HAPS core. PreSens (Fibox4, No. 200001478; PreSens Precision Sensing, Regensburg, 

Germany) oxygen sensor discs were secured on the inside surface of each Plexiglas® 

cores at the time of collection. Sediment chamber experiments were then undertaken 

shipboard following the methods described in Grebmeier (2012) and Grebmeier and 

McRoy (1989). Briefly, once the core was collected, original overlying water was 

removed and replaced with bottom water collected from the CTD rosette to completely 

cover the oxygen sensor and then capped to exclude contact with air. A small motorized 

paddle was used to slowly stir the overlying water above the sediments. The PreSens 

sensor system was used in conjunction with micro-Winkler titrations for dissolved 
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oxygen measurements at the start and end of the experiment to provide a comparison of 

the two methods. 

Of the eight cores, four cores were incubated at seafloor ambient temperatures (0-

2°C) and four cores were incubated at an elevated temperature (4-5°C). Within each 

group of four, 0.5 mL of Shellfish Diet 1800TM (Reed Mariculture, Campbell, California, 

USA) was added to two of the cores as an addition of food at the beginning of the 

experiment before oxygen measurements were started (Figure 4.3). The value of food 

addition was calculated and chosen using the weight (80g/L or 0.04 g/0.5 mL) of 

Shellfish Diet 1800TM and comparing it to seasonal integrated water column and sediment 

chlorophyll-a values for the regions (Cooper et al. 2021) and scaling it to the area of the 

cores (0.0133 m2). Cores were incubated under these experimental conditions for 11-19 

hours, with shorter incubations where respirations rates were known to be higher from 

previous studies as well as based upon real-time tracking of SCOC during the incubation 

period using the PreSens sensor disc readings.  

In addition to oxygen measurements made at the beginning and end of the 

experiment, water samples for nutrient analyses were collected at the beginning and end 

of each incubation to determine nutrient fluxes over the course of each experiment. These 

subsamples of overlying bottom water were filtered, frozen, and analyzed for nitrate + 

nitrite, silicate, phosphate, and ammonia at the Nutrient Analytical Services Laboratory 

(NASL) at the Chesapeake Biological Laboratory (CBL), Solomons, Maryland, USA.  

After completion of the experiments, cores were washed with seawater over a 1-

mm sieve screen to collect the macrofauna in each core. Organisms present were 
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preserved in 10% buffered seawater formalin, and returned to CBL for post-cruise 

analyses. All organisms were sorted, identified to at least family level, with the dominant 

bivalves and amphipods sorted to species, counted and weighed, with final storage in 

50% propanol.  

4.3.3 Experimental Design – Individual Respiration Rates 

Individual bivalves (M. calcarea and E. tenuis) and amphipods (Ampelisca spp.) 

were collected using a 0.1 m2 van Veen grab weighted with 32 kg lead at the same 

stations as the core collections. Sediments were subsequently sieved through a 1-mm 

sieve screen and live dominant bivalve or amphipod samples were collected from the 

sieve and placed into 1L high-density polyethylene containers filled with bottom 

seawater for initial storage at cold temperatures until the experiments were initiated. A 

minimum of 12 bivalves (DBO1 and DBO3) or amphipods (DBO4) were used to 

undertake individual respiration experiments at each station. Live individuals from initial 

collections were transferred into groups of 10-15 individuals within 1L containers filled 

with bottom water collected from the CTD rosette at the station. Individual animals were 

incubated in the dark shipboard at controlled seafloor and experimental treatment 

temperature as described below. 

A Pyroscience FireSting O2 Optical Oxygen Meter (Pyro Science, Aachen, 

Germany) with associated proprietary software was used to measure individual 

respiration rates of dominant macrofauna. The oxygen meters were calibrated using a 

two-point calibration in water. A solution of well-mixed water with 100% oxygen air 

saturation was used as one endpoint and a solution of sodium sulfite anhydrous (30 g L-1) 

was used as the 0% saturation endpoint. Three individual bivalves or amphipods of 
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approximately the same size (Table 4.1) from each station were placed in a sealed 100 or 

500 mL containers of bottom seawater in each of the four treatments (n=12 for each 

station following the same methods as the cores). The oxygen meters had four channels, 

three of which were used for specimens and one that was used as an animal-free blank, 

for which final data were corrected. Dissolved oxygen was measured every two minutes 

over a 6 to 49 hour measurement period, which varied depending on the station, species, 

and animal size. The measurement period for M. calcarea was determined from previous 

experiments (Goethel et al. 2017); the other species were monitored every hour until 

oxygen was depleted by about 25% (Grebmeier and McRoy 1989).  Approximately one 

hour of measurements (~30 measurements) at the beginning of each data set were 

removed to account for measurement artifacts with the probes during set-up before 

analyzing the slope. After the 6 to 49 hour measurement period, individuals were frozen 

for subsequent biometric measurements. Respiration rates for each individual were 

determined from the plotted slope of the decline in dissolved oxygen over time, 

normalized to gC from Stoker 1978 for M. calcarea and E. tenuis and Jones et al. 2021for 

Ampelisca spp. A subsample of seawater was collected at the end of the experiment from 

each of the animal chambers, filtered, and frozen for post-cruise nutrient analysis at the 

NASL at CBL.  

4.3.4 Statistical Analyses  

All statistical analyses were undertaken using R version 4.0.3 (R Core Team 

2020). Nested analysis of variance (ANOVA) tests determined statistical significance 

among treatments, with p < 0.05 set to be significant. Tests of normality and 

homoscedasticity were satisfied under the ANOVA test assumptions. Additionally, we 
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measured the partial effect size (η2) to measure how much an effect (temperature or food) 

accounted for the variance in the SCOC and individual metabolic rate.  

4.4. Results  

 

4.4.1 SCOC Measured from Sediment Cores- Winkler and PreSens  

 On average for SCOC calculated with micro-Winkler titrations, stations in the SE 

Chukchi Sea (DBO3.8 and 3.6/DBO3) had the highest SCOC rates (12.91-18.25 mmol 

O2 m
-2 d-1 and 7.38-15.01 mmol O2 m

-2 d-1, respectively) (Table 4.2, Figure 4.4). The 

northern Bering Sea stations (SLIP/DBO1) had the second highest SCOC rates (SLIP2: 

8.36-14.53 mmol O2 m
-2 d-1 and SLIP4: 9.00-15.61 mmol O2 m

-2 d-1). The NE Chukchi 

Sea DBO4.2N/DBO4 had the lowest SCOC rates of the six stations (6.74-13.52 mmol O2 

m-2 d-1). (Table 4.2, Figure 4.4). Values calculated with the PreSens were generally higher 

than those calculated with micro-Winkler titrations. However, the overall patterns were 

similar with the highest values in the DBO3 region. Values from the micro-Winkler 

titrations agreed more closely with previous values measured (Grebmeier et al. 2015a), so 

we only report the values for those measurements. However, we do present graphical 

comparisons for the PreSens data to show the similar trends.  

Average total abundance of macrofauna (>1 mm) in each core ranged from 79 to 

93 individuals, with dominant organisms (bivalves or amphipods depending on station) 

comprising on average 3 to 11% of the total macrofaunal community within the sediment 

core (Table 4.3). The proportion of the total weight biomass that consisted of the 

dominant benthic organisms (species dependent on station) ranged on average from 10 to 

96% of the total wet macrofauna biomass (Table 4.3), but there was no significant 

difference among stations (ANOVA, F= 1.077, p=0.06, df=4). Sediment cores held in the 
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warmer temperature treatments at SLIP2 and DBO3.6 had higher SCOC rates, but overall 

the differences of SCOC between temperatures as a factor of station was not significant 

(nested ANOVA, F=1.608, p=0.237, df=8, Table 4.1, Figure 4.5).  However, the partial 

effect size (η2) was 0.5627, meaning that temperature at the stations account for 56.27% 

of the variance in SCOC. SCOC rates calculated from PreSens measurements saw higher 

rates at DBO3.6 and DBO3.8 in the warmer temperature (Figure 4.5).  

Organic carbon (food) additions to the sediment cores did not have a significant 

effect (nested ANOVA, F=0.834, p=0.594, df=8, Table 4.2, Figure 4.6) on SCOC over 

the length of the experiment. However, SCOC measurements were higher in fed than 

unfed treatments at SLIP4 and DBO 4.2N. The η2 of food additions was 0.40 (e.g. 40% of 

the variance in SCOC).  SCOC rates calculated from PreSens measurements were higher 

in fed treatments at SLIP4, DBO3.6 and DBO4.2N than in unfed treatments (Figure 4.6).  

Nutrient concentrations, other than nitrate + nitrite, were higher at the end of the sediment 

core experiments (Table 4.4). Ammonia concentrations (µM N) were on average higher 

in treated sediment cores with added food than those that were not treated (Table 4.3). 

4.4.2 Individual Respiration Rates of Dominant Animals 

 

The dominant individual animal respiration rates were similar to the full sediment 

core SCOC rates within each DBO region, although individual respiration rates in the 

three regions were significantly different (ANOVA, F=21.52, df=4, p <0.01; Table 4.5, 

Figure 4.7). Similarly, significant differences within regions existed between the two 

dominant species of bivalves and dominant amphipod. Two different bivalve species 

were measured at the DBO1/SLIP stations, with E. tenuis having a lower oxygen 
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consumption rate than M. calcarea amongst these SLIP stations. Rates for the two 

bivalve species and the amphipod species ranged from 0.01 – 3.51 µmol O2 h
-1 g-1, but M. 

calcarea in the northern Bering Sea (DBO1) had lower rates than M. calcarea from the 

southeastern Chukchi Sea (DBO3) (Figure 4.7).  

As in the SCOC cores, oxygen consumption rates were higher at warmer seawater 

temperatures. However, the individual metabolic rates were significantly higher in the 

warmer temperatures than ambient temperatures (nested ANOVA, F = 4.451, p=0.05, 

df=8; Table 4.4), and all five stations exhibited higher values in the warmer treatment 

than the ambient treatment (Figure 4.8). About 31% of the variation in oxygen 

consumption (η2 = 0.3080) was due to temperature. Food additions resulted in no significant 

difference in oxygen consumption rates for individuals (nested ANOVA, F= 0.039, 

p=0.84, Table 4.4,), and accounted for very little explanation of the variance (for food, η2 

was 0.01). The trend for food was not as clear as temperature. SLIP4 and DBO3.8 showed 

higher oxygen consumption rates in the fed treatments, whereas SLIP2, DBO3.6, and 

DBO4.2N showed higher oxygen consumption rates in the unfed treatments (Figure 4.9). 

All food treatments had significantly higher ammonia post incubation than those without 

food treatments (t-test, p=0.01).   

Individual oxygen consumption values without food treatment, when oxygen use 

was converted to sediment surface area and gC of the individual, accounted for 0.02-

50.02% of the sediment core SCOC when compared to sediment core values. M. calcarea 

in the DBO3 region had the highest contribution to overall sediment core SCOC, 

followed by M. calcarea in the DBO1 region and Ampelisca spp in the DBO4 region, 

with E. tenuis accounting for the lowest contribution percentage to sediment core SCOC.  
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4.5 Discussion  

 

Results indicate that SCOC and individual animal respiration rates were highest in 

the SE Chukchi Sea/DBO3 region, particularly for the bivalve M. calcarea. Oxygen 

consumption rates in both core and individual experiments maintained at higher seawater 

temperatures during the cruise were, on average, higher than SCOC measured in ambient 

temperatures at these select stations. Food treatments during incubations for both intact 

sediment cores and individual organisms did not result in significantly different oxygen 

consumption rates over the time scales of the incubations performed, but oxygen 

consumption rates were slightly elevated over those cores and individuals that were 

unfed.  

 SCOC values reported here for the northern Bering Sea (8.36-16.72 mmol O2 m
-2 

d-1) and Chukchi Sea (6.74-18.25 mmol O2 m
-2 d-1) in summer lie within the range of 

previously reported data in the region (0.65-45.62 mmol O2 m
-2 d-1) (Grebmeier and 

McRoy 1989, Grebmeier and Cooper 1995, Devol et al. 1997, Devol 2008, Grebmeier 

2012, Grebmeier and Cooper 2014, Bourgeois et al. 2017). Within the DBO sampling 

areas, SCOC values have ranged from approximately 4-12 mmol O2 m
-2 d-1 in the 

northern Bering Sea and 12-24 mmol O2 m
-2 d-1 in the SE Chukchi Sea from the mid-

1980s-2010 (Grebmeier 2012).  Fewer data about respiration rates of individual Arctic 

organisms have been reported (e.g. Vahl 1978, Opalinski and Weslawksi 1989, 

Brockington and Clarke 2001, Sejr et al. 2004, Goethel et al. 2017, Jones et al. 2021), but 

Jones et al. (2021) reported a respiration rate for M. calcarea in the southeastern Chukchi 

Sea of 3.10 ± 1.70 µmol O2 hr-1 g-1, which is within our average range of 0.95-3.51µmol 

O2 hr-1 g-1 (in both case g is equivalent to gC). Using Q10 calculations to predict a 
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metabolic rate for M. calcarea at a temperature of 5°C, Jones et al. 2021 (40) estimated 

respiration rates for M. calcarea to be between 4.60-5.30 µmol O2 hr-1 g-1 under the 

assumption that Q10=2.56-3.64. Our average respiration rate for M. calcarea in the 

elevated temperature treatment was 3.04 µmol O2 hr-1 gC-1at DBO3.8 and 3.44 µmol O2 

hr-1 gC-1at DBO3.6.  

It has long been known that temperature and food availability are strong 

controlling factors for Pacific Arctic benthic communities (Grebmeier et al. 1988, 1989), 

and more recently for individual benthic animals (Goethel et al. 2019). Respiration rates 

for individual organisms generally increase with higher seawater temperatures (e.g. 

Brockington and Clarke 2001, Gillooly et al. 2001, Pörtner et al. 2006, O’Connor et al. 

2009, Jones et al. 2021), as has been shown in other bivalves (Brockington 2001, Peck et 

al. 2002, Trigos et al. 2015), including Macoma balthica (Linnaeus, 1758) (Hummel et 

al. 2000). Furthermore, interspecific respiration rates of several bivalve species analyzed 

in the Pacific Arctic appear to be significantly different regardless of environmental 

conditions (Jones et al. 2021). Knowing how each species responds to temperature 

increases is crucial to determining their relative vulnerabilities to environmental change.  

The benthic communities in the three hotspot regions examined here are changing 

(Grebmeier et al. 2018). Most notably, bivalves in the DBO1 region of the northern 

Bering Sea are declining at the southern stations and remaining prominent only in the 

north stations in this region (Grebmeier et al. 2018, Goethel et al. 2019). Specifically, the 

most southern DBO1 stations in the northern Bering Sea hotspot have shifted from 

primarily bivalves to a dominance of polychaete worms since 2008 (Grebmeier et al. 

2018). Within just the bivalve community at the southern DBO1 stations (SLIP1-3, 
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Figure 2), M. calcarea was once dominant, but more recently smaller Nuculana spp. have 

become more prevalent (Goethel et al. 2019). Other changes include the emergence of E. 

tenuis as the dominant organism at one of the northern times series sites in DBO1, station 

SLIP4, which was documented in this study. Previously, the dominant bivalve at this site 

was M. calcarea by both abundance and biomass from 1998-2014 (Goethel et al. 2019). 

Nuculana pernula, another common bivalve, for which respiration measurements are 

available (Jones et al. 2021), showed a lower oxygen consumption rate than M. calcarea. 

Thus, we expect that sedimentary carbon demand as measured by oxygen consumption 

will be lower if species like Nuculana spp. and E. tenuis continue to be dominant. 

Additionally, some Arctic species have shown no or minimal changes to metabolic rates 

when exposed to a range of temperatures (Peck 1996), and thus temperature may only be 

a secondary driver.  However, even if temperature is less influential in driving respiration 

rates, it may still determine organismal survival through growth, neural functioning, and 

other cellular activities (Pörtner 2008).  

 In general, our results did not show a strong significant effect from an addition of 

food (i.e. organic carbon) in either the SCOC experiments or the individual organismal 

incubations. Rates were not significantly different in full cores, and marginally 

significantly different in individual rates.  In some cases, rates were higher in fed 

treatments than unfed treatments, which aligns with the majority of prior studies 

(Brockington and Clarke 2001, Sejr et al. 2004, McMahon et al. 2006), where SCOC 

indicated lower metabolic rates when food availability was low. Due to logistical 

constraints associated with ship-board work, we had small sample sizes (cores n=2 and 
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individuals n=3) which could account for some of the variable and inconclusive results 

when compared to other respiration studies.  

The Pacific Arctic benthic ecosystem, including its macrofauna, are exposed to a 

highly seasonal food supply (Grebmeier and Barry 1991). Organisms such as the deposit 

feeding M. calcarea, rely on a ‘food bank’ of lipid-rich organic matter stored seasonally 

within the sediments (Mincks et al. 2005, Pirtle-Levy et al. 2009, McTigue and Dunton 

2014, Schollmeier et al. 2018, Koch et al. 2020). This stored organic carbon is in addition 

to the relatively short spring pulse of sea ice algae and phytoplankton exported to the 

benthos when sea ice retreats. For example, Koch et al. (2020) found direct evidence for 

this reliance on spring sea ice algae production by benthic fauna within the DBO1 region 

over a much longer period, well after seasonal sea ice had disappeared. In our case, we 

collected our benthic samples for experiments later in the season in August. During our 

field program in 2019, ice had retreated by April, so we were sampling in a summer 

month well after ice retreat and the open water phytoplankton bloom. The benthic 

organisms in our study had already been exposed to a pulse of spring food in addition to 

stored organic carbon in the sediments. Whether the feeding history of our specimens 

influenced the measurement of respiration rate is unknown.   

The quality of food available consumed by benthic animals over varying temporal 

scales may also explain different responses to the addition of food. For example, 

McMahon et al. (2006) observed greater whole core respiration rates when ice algae 

treatments were provided compared to the addition of other food types. Thus, the 

temperate phytoplankton-sourced food we used in our experiments might not have 

elicited the same strong response. Individually, Jones et al. 2021 observed an interannual 
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difference in M. calcarea respiration rates in June 2017 compared to June 2018 and 

attributed it to a higher food availability in 2017 using sediment chlorophyll-a inventories 

as a proxy. Notably their samples were collected two months earlier than our collections 

in August 2019, thus their spring experiments were closer to initial ice retreat. In a 

literature review by McCue (2006), it was found that an increase in metabolic 

expenditures followed ingestion of food, termed specific dynamic action (SDA), occurred 

with species ranging from snakes to fish which highlights the importance of food quality 

to respiration rates. McCue 2006 (42) also suggested that the relative size of the food 

reaching the organism is important to consider in relation to the size of the individual, as 

well as the energetic content of the food supply. In our study, the potential differences in 

food quality from the freshly deposited organic matter from spring production vs. stored 

material from both ice algal and open water phytoplankton production could affect late 

season sediment and individual respiration rates, perhaps weakening the signal of fresh 

ice algal material on these rates. 

While we did not see a significant increase in respiration rates in sediment core 

experiments or individual animals in response to the added food, we did see an increase 

in excretion in the individual organisms as in other studies (Sejr et al. 2004, Grebmeier et 

al. 2006b), indicating there are likely still food addition effects on individual respiration 

activities. Even if respiration rate changes are low in macrofauna, microbial cycling in 

the sediment system is ongoing and may be accelerated by food additions (Pörtner 2008). 

In our study, the potential of increased excretion from the macrofauna we tested is likely 

due to post-absorptive processes and expenditure during carbon cycling both within the 

microbial community and benthic organisms. 
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As benthic community composition continues to change in Pacific Arctic shallow 

shelf regions (Grebmeier et al. 2018), metabolic demands of different species within the 

benthic ecosystem are likely to shift. Here, the lowest metabolic rate we observed among 

the species studied was for E. tenuis in the northern Bering Sea. This apparently lower 

metabolic demand may favor this species over others as seawater temperatures increase 

and other physical parameters change, such as current speed and sediment composition 

that is known to impact benthic community composition (Grebmeier et al. 1989). Lower 

metabolic demands can reduce metabolic expenses and allow for greater resource 

utilization specifically when those resources (i.e. food) are limited (Pörtner et al. 2006). 

Macoma calcarea in the SE Chukchi Sea (DBO3) had higher metabolic demands than M. 

calcarea in the northern Bering Sea (DBO1) and accounted for a higher proportion of the 

total SCOC. In most years, M. calcarea in the northern Bering Sea are exposed to much 

colder bottom summer water temperatures (<-1°C) than those in the SE Chukchi Sea 

(>3°C) (7). However, in recent years, bottom water temperatures have increased in the 

SLIP/DBO1 region (Figure 1), and could be affecting M. calcarea in that region. As a 

result, M. calcarea may be outcompeted by smaller organisms that have a lower 

metabolic demand for food resources, which would compensate for higher metabolic 

demands under increasing temperatures. These smaller organisms may be better adapted 

to a lower food scenario predicted for the region if a more pelagically-dominated system 

develops in place of the historically benthic dominated system (Grebmeier et al. 2006b, 

Moore and Stabeno 2015). Species that cannot adapt to warmer conditions could 

experience reproductive failure and even death when the increased metabolic demand 
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from increasing temperatures is coupled with lower food conditions (Hummel et al. 

2000).   

The experiments reported here and elsewhere (Jones et al. 2021) were all 

conducted during summer months. Seasonal effects on respiration and excretion rates 

have been documented and are connected to changes in food supply (Brockington and 

Clark 2001, Brockington and Peck 2001). Additionally, seasonality affects other 

processes such as zooplankton grazing that are more intensive in the summer and early 

fall versus the spring (Coyle et al. 2011). Moving forward, studying these oxygen 

utilization patterns in different seasons will be crucial, particularly with increased 

observations of fall blooms in the Pacific Arctic (Nishino et al. 2015, Fujiwara et al. 

2018). These fall blooms have been increasing in the southern Chukchi Sea and the 

phytoplankton that dominate these blooms have been reported in some cases as larger 

than those in the spring blooms (Waga and Hirawake 2020). When this is true, the cells 

will sink more efficiently to the bottom, providing a potential food pulse to the benthos 

(Waga and Hirawake 2020). However, zooplankton graze on and remove these larger-

celled individuals (Fujiwara et al. 2018). Thus, the seasonal dynamics of zooplankton 

grazing and the increase in fall blooms in parts of the Pacific Arctic could change the 

availability of an additional fresh food source. Additional experiments coupled with 

information about zooplankton are required to understand if the resources are available to 

allow organisms and the community to adapt to the increased metabolic demands that are 

likely to be associated with increasing seawater temperatures.  
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4.6 Conclusions 

 Studies of how the benthic macrofaunal community, as well as the dominant 

individual macrofaunal benthic species in the Pacific Arctic will respond to declining 

winter and spring sea ice cover, increasing seawater temperatures, and their subsequent 

impacts on seasonal food availability will provide crucial understanding of benthic 

carbon cycling now and into the future. Individual organism respiration rates are species-

specific and the influences of temperature and food level on those rates are variable, in 

combination with total benthic community composition, both seasonally and 

geographically. Prior to our study, respiration rates of the bivalve, E. tenuis, had been 

unmeasured. The combination of sediment community oxygen consumption rates, 

individual macrofaunal respiration rates, and shifting benthic populations, will allow for 

better predictions of the carbon demand that will be placed on the ecosystem in the 

future. Moving forward, efforts should be made to continue to add to the collection of 

data examining seasonality, geographical differences, and food quality. Ideally, this 

should include work with intact sediment cores, as well as individual species respiration 

rate determinations.   
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Tables 
Table 4.1 Average ± 1 SD of length (cm), gram wet weight (gww), and g organic carbon (gC) for each dominant 

species at each station measured for individual respiration experiments. Key: Distributed Biological 

Observatory (DBO) and St. Lawrence Island Polynya (SLIP) stations.  

Station Species 

Average Length (cm) 

± 1SD 

Average Wet 

Weight (g) ±1SD 

Average gC ± 1SD 

SLIP 2 

Macoma 

calcarea 3.1 ± 0.3 3.196 ± 0.940 

 

0.13 ± 0.04 

SLIP 4 

Ennucula 

tenuis 1.1 ± 0.1 0.374 ± 0.104 

 

0.02 ± 0.004 

DBO 3.8 

Macoma 

calcarea 3.7 ± 0.5 6.536 ± 2.347 

 

0.27 ± 0.10 

DBO 3.6 

Macoma 

calcarea 3.7 ± 0.3 6.704 ± 1.192 

 

0.27 ± 0.05 

DBO 4.2N 

Ampelisca 

spp.  1.7± 0.4 0.189 ± 0.205 

 

0.04 ± 0.03 
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Table 4.2 Average ± 1SD of sediment community oxygen consumption (SCOC) (mmol O2 m-2 d-1) for each 

treatment at each station. Samples with food treatment addition are highlighted in green. Key: Distributed 

Biological Observatory (DBO) 1: stations (St. Lawrence Island Polynya) SLIP 2 and SLIP4, DBO3: stations 

DBO3.6 and DBO3.8, and DBO4: station DBO4.2N.   

 

Station Temperature (°C) 

Food Addition 

(Fed/Unfed) 

Average SCOC (± 1 SD) 

(mmol O2 m-2 d-1)  

SLIP2 Ambient Fed 8.36 ± 0.39 

SLIP2 Ambient Unfed 8.79 ± 5.70 

SLIP2 Warm Fed 14.53 ± 2.01 

SLIP2 Warm Unfed 16.72 ± 3.57 

SLIP4 Ambient Fed 15.61 ± 1.51 

SLIP4 Ambient Unfed 9.00 ± 1.45 

SLIP4 Warm Fed 10.76 ± 3.13 

SLIP4 Warm Unfed 13.74 ± 1.70 

DBO3.8 Ambient Fed 13.09 ± 2.08 

DBO3.8 Ambient Unfed 18.25 ± 3.17 

DBO3.8 Warm Fed 16.47 ± 0.25 

DBO3.8 Warm Unfed 12.91 ± 0.87 

DBO3.6 Ambient Fed 7.38 ± 3.40 

DBO3.6 Ambient Unfed 9.83 ± 3.45 

DBO3.6 Warm Fed 14.66 ± 8.15 

DBO3.6 Warm Unfed 15.01 ± 7.95 

DBO4.2N Ambient Fed 12.97 ± 0.34 

DBO4.2N Ambient Unfed 7.96 ± 2.11 

DBO4.2N Warm Fed 13.52 ± 3.39 

DBO4.2N Warm Unfed 6.74 ± 0.83 
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Table 4.3 The average number of bivalve individuals (> 1 mm) (± 1 SD) within all 8 sediment cores collected at 

each DBO station (except DBO4.2N dominated by amphipods), the average number of dominant bivalve 

individuals (± 1 SD) (organisms used in individual respirations at each station), total average wet weight (g) (± 1 

SD)  of dominant bivalve or amphipod organisms, and the average percent composition for both abundance and 

wet weight (g) of bivalves or amphipods within the core. Key: DBO1: stations SLIP 2 and SLIP4, DBO3: 

stations DBO3.6 and DBO3.8, and DBO4: station DBO4.2N.   

 

 

Station Species 

# of 

Individuals 

# of 

Dominant 

Organisms 

% 

Abundance 

of Dominant 

Organism 

Wet Weight 

(g) 

Wet Weight 

of Dominant 

Organism 

(g) 

% Wet 

Weight of 

Dominant 

Organism 

SLIP2 Macoma calcarea 79 ± 27 8 ± 7 10.1 6.20 ± 3.85 4.26 ± 6.53 68.7  
SLIP4 Ennucula tenuis 84 ± 43 9 ± 5 10.7 2.38 ± 0.48 0.75 ± 0.44 31.3  

DBO3.8 Macoma calcarea 85 ± 32 7 ± 4 8.2 29.17 ± 19.40 28.06 ± 19.64 96.2  
DBO3.6 Macoma calcarea 90 ± 28 3 ± 2 3.3 15.61 ± 8.76 12.42 ± 6.59 79.6  

DBO4.2N Ampelisca spp. 93 ± 74 9 ± 7 9.7 3.43 ± 3.11 0.35 ± 0.35 10.1  
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Table 4.4 Average ± 1SD fluxes of nutrient concentrations (µmol L-1) for both intact sediment cores (cores) and 

individual ammonia efflux by dominant animals during individual respiration experiments. Positive values for 

cores indicate flux of nutrients out of the sediment and negative values indicate flux of nutrients into the 

sediment. All four nutrients (silicate, nitrate + nitrite, phosphate, and ammonia) were measured for the core 

experiments. For the individuals only ammonia was measured as an indicator of excretion. Treated samples 

(fed) are highlighted in green. Ambient treatments were kept at 0-2°C and warm treatments were kept at 4-5°C. 

Key: DBO1: stations SLIP 2 and SLIP4, DBO3: stations DBO3.6 and DBO3.8, and DBO4: station DBO4.2N.   

Station  

Temperature 

(°C) Fed/Unfed 

Silicate 

(cores) 

Nitrate + 

Nitrite 

(cores) 

Phosphate 

(cores) 

Ammonia 

(cores)  

Ammonia 

(individuals)  

SLIP 2 Ambient Unfed 17.26 ± 5.74 -7.80 ±  2.40 -0.21 ± 1.53 

16.68 ±  

17.75 2.35 ± 0.41 

 Ambient Fed  12.99 ± 3.17 -5.55 ± 0.65 18.18 ± 0.49 

10.55 ±  

4.27 32.27 ± 5.21 

 Warm  Unfed 32.57 ± 3.62 -3.10 ± 3.10 0.14 ± 0.05 

0.82 ± 

0.26 4.24 ± 0.86 

 Warm  Fed 9.03 ± 3.70 -5.85 ± 0.65 21.58 ± 1.53 

9.11 ±  

1.12 16.27 ± 7.28 

SLIP 4 Ambient Unfed 19.27 ± 4.27 -4.40 ± 1.00 0.45 ± 0.26 

4.29 ± 

0.49 0.83 ± 0.32 

 Ambient Fed  38.95 ± 0.60 -4.85 ± 0.05 18.22 ± 1.70 

15.36 ± 

0.33 27.26 ± 0.48 

 Warm  Unfed 32.54 ± 14.93 -4.45 ± 1.45 0.87 ± 1.32 

4.48 ± 

2.57 3.81 ± 1.20 

 Warm  Fed 20.76 ± 9.18 -2.65 ± 1.25 16.38 ± 1.44 

13.01 ± 

6.85 32.25 ± 6.92 

DBO 3.8 Ambient Unfed 36.57 ± 10.12 0 ± 0.40 0.33 ± 0.27 

8.57 ± 

3.60 5.38 ± 0.35 

 Ambient Fed  23.61 ± 7.10 -0.10 ± 1.20 19.38 ± 4.32 

8.64 ± 

0.65 26.50 ± 8.41 

 Warm  Unfed 39.13 ± 6.20 -1.10 ± 0.70 0.19 ± 0.44 

4.05 ± 

3.53 3.11 ± 1.94 

 Warm  Fed 19.19 ± 4.63 0.60 ± 0.70 12.57 ± 0.72 

7.99 ± 

0.85 53.37 ± 6.58 

DBO 3.6 Ambient Unfed 23.68 ±  8.13 3.20 ±  0.10 -0.18 ±  0.08 

7.72 ±  

1.95 0.98 ± 1.12 

 Ambient Fed  25.94 ±  5.25 4.65 ±  0.35 15.78 ± 1.43 

17.77 ±  

2.18 13.08 ± 2.81 

 Warm  Unfed 44.05 ±  29.59 2.65 ±  1.85 - 0.06 ±  0.10 

23.07 ±  

2.41 2.53 ± 1.81 

 Warm  Fed 60.18 ±  20.35 0.73 ±  2.97 9.54 ±  0.93 

23.36 ± 

8.41 18.73 ± 5.36 

DBO 

4.2N  Ambient Unfed 8.54 ±  2.96 -3.65 ±  0.65 -0.02 ±  0.05 

0.74 ±  

0.09 1.19 ± .047 

 Ambient Fed  17.36 ±  0.54 -3.65 ± 0.45 16.17 ±  2.46 

5.63 ±  

0.87 29.14 ± 6.99 

 Warm  Unfed 8.06 ±  2.84 -3.05 ±  0.05 -0.06 ±  0.10 

15.57 ±  

0.69 5.07 ± 4.77 

 Warm  Fed 12.57 ±  1.40 -4.00 ±  0.60 15.60 ±  1.02 

7.16 ±  

0.61 25.87 ± 6.01 
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Table 4.5 Average ± 1SD of dominant individual oxygen consumption (µmol O2 h-1 gC-1) for each treatment at 

each station. Treated (fed) samples are highlighted in green. Ambient treatments were kept at 0-2°C and warm 

treatments were kept at 4-5°C. Dominant species are bivalves: Macoma calcarea, Ennucula tenuis, and 

amphipods Ampelisca spp. Key: DBO1: stations SLIP 2 and SLIP4, DBO3: stations DBO3.6 and DBO3.8, and 

DBO4: station DBO4.2N.  

Station 

 

Dominant 

Species 

Temperature 

(°C) 

Food 

Addition 

(Fed/Unfed) 

Average individual 

oxygen consumption (± 1 

SD) (µmol O2 h-1 gC-1)  

SLIP2 Macoma calcarea Ambient Fed 0.25   ±  0.17 

SLIP2  Ambient Unfed 0.66  ±  0.52 

SLIP2  Warm Fed 0.62  ± 0.23 

SLIP2  Warm Unfed 0.40  ± 0.18 

SLIP4 Ennucula tenuis Ambient Fed 0.01 ± 0.01 

SLIP4  Ambient Unfed 0.02 ± 0.01 

SLIP4  Warm Fed 0.09  ±  0.06 

SLIP4  Warm Unfed 0.02  ±  0.01 

DBO3.8 Macoma calcarea Ambient Fed 3.36  ±  2.02 

DBO3.8  Ambient Unfed 2.00  ±  1.50 

DBO3.8  Warm Fed 2.73  ±  2.55 

DBO3.8  Warm Unfed 3.34 ± 2.31 

DBO3.6 Macoma calcarea Ambient Fed 0.96 ± 2.73 

DBO3.6  Ambient Unfed 2.35 ± 1.18 

DBO3.6  Warm Fed 3.51 ± 1.13 

DBO3.6  Warm Unfed 3.32 ± 0.90 

DBO4.2N Ampelisca spp. Ambient Fed 0.01  ±  0.05 

DBO4.2N  Ambient Unfed 0.01 ± 0.01 

DBO4.2N  Warm Fed 0.01 ±  0.01 

DBO4.2N  Warm Unfed 0.03 ± 0.01 
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Figures  

 

 

 

 

 

 

 

 

Figure 4.1 Bottom water temperatures in the Distributed Biological Observatory (DBO1) region at the St. 

Lawrence Island Polynya (SLIP) stations from 2000-2019. Black points represent one station at one year moving 

from south to north (SLIP1, 2, 3, 5, 4). Data from Grebmeier et al. 2018 and Cooper et al. 2021. 
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Figure 4.2 HLY1901 cruise map of the five Distributed Biological Observatory (DBO) lines. Stations where 

sediment core incubation and individual oxygen consumption experiments were undertaken are highlighted in 

green. 
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Figure 4.3 Conceptual diagram of experimental set-up for sediment 

chamber incubation experiments aboard the United States Coast 

Guard Cutter Healy for HLY1901. Green circles indicate the addition 

of food into the system. Symbols courtesy of ian.umces.edu. 
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Figure 4.4 Boxplots of sediment community oxygen consumption (SCOC) 

(mmol O2 m-2 d-1) at the five stations from the northern Bering Sea 

northward to the SE Chukchi Sea, then northward to the NE Chukchi 

Sea. The middle lines denote the median SCOC. 
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Figure 4.5 (Top) Boxplots of sediment community oxygen consumption (SCOC) 

(mmol O2 m-2 d-1) calculated using micro-Winkler titrations in ambient (~1°C) 

and warm temperature (~5°C) treatments and (Bottom) SCOC rates calculated 

using the PreSens for the same treatments at the five stations from the northern 

Bering Sea northward to the SE Chukchi Sea, and then northward to the NE 

Chukchi Sea. The middle lines represent the median SCOC and the single black 

point denotes one outlier in the dataset.  
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Figure 4.6 (Top) Boxplots of sediment community oxygen consumption 

(SCOC) (mmol O2 m-2 d-1) calculated using micro-Winkler titrations in 

unfed and fed treatments and (Bottom) SCOC rates calculated using the 

PreSens for the same treatments at the five stations from the northern 

Bering Sea northward to the SE Chukchi Sea, then northward to the NE 

Chukchi Sea. The middle lines represent the median SCOC and the single 

black point denotes one outlier in the dataset. 
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Figure 4.7 Boxplots of dominant individual oxygen consumption (mmol O2 h-1 

gC-1) at the five stations moving from south to north from the northern Bering 

Sea northward to the SE Chukchi Sea, then northward to the NE Chukchi Sea. 

Photos depict the dominant organism collected and measured at each of the 

stations (Left to Right: Macoma calcarea, Ennucula tenuis, M. calcarea, 

Ampelisca spp.) The middle line denotes the median oxygen consumption and 

the black point marks one outlier. 
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Figure 4.8 Boxplots of dominant individual oxygen consumption (mmol O2 h-1 gC-1) in 

ambient (~°1C) and warm temperature (5°C) treatments at the five stations from the 

northern Bering Sea northward to the SE Chukchi Sea, and then northward to the 

NE Chukchi Sea.  Photos depict the dominant organism collected and measured at 

each of the stations (Left to Right: Macoma calcarea, Ennucula tenuis, M. calcarea, 

Ampelisca spp.). The middle lines denote the median oxygen consumption. 
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Figure 4.9 Boxplots of dominant individual oxygen consumption (mmol O2 h-1 gC-1) 

in unfed and fed treatments at the five stations from the northern Bering Sea 

northward to the SE Chukchi Sea, and then northward to the NE Chukchi Sea. 

Photos depict the dominant organism collected and measured at each of the 

stations (Left to Right: Macoma calcarea, Ennucula tenuis, M. calcarea, Ampelisca 

spp.). The middle lines denote the median oxygen consumption. 
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Chapter 5: Conclusions  

5.1 Review of Project Goals and Key Findings 

 As environmental conditions continue to shift, as has been highlighted in the 

preceding chapters, and macrofaunal populations respond to those changes, coupling 

modeling and experimental work will provide valuable information about this changing 

ecosystem. The goal of this dissertation was to combine both individual population 

dynamic questions with full ecosystem studies, in order to understand the nuances of the 

pieces that make up the whole ecosystem (Introduction Chapter, Figure 1.10) 

 The studies presented here augment existing observations by using ship-board 

laboratory experiments and measurements and population modeling to document changes 

over time that may be due to environmental pressures on dominant bivalves in the region. 

Tracking the abundance and dominant size class of a common bivalve can provide an 

indicator of benthic macrofaunal health and availability of the quality of food for upper 

trophic levels. The composition, abundance, and size class of the organisms living in the 

sediments play a key role in assessing the availability of an adequate food base for 

benthivores. For example, spectacled eiders (Somateria fischeri), and Pacific walrus 

(Odobenus rosmarus divergins) feed in the benthic hotspots south of St. Lawrence Island 

(SLI) and north of Bering Strait, the regions examined in chapters 2 and 3 for M. 

calcarea and Serripes spp.  

Results from chapter 2 (Goethel et al. 2019) indicate that bottom water 

temperature and sediment chlorophyll-a inventories are the largest drivers for the 

Macoma calcarea population (abundance and biomass) in the northern Bering Sea and 

the SE Chukchi Sea. Southern stations in the northern Bering Sea experienced declines in 
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both abundance and biomass, while in the northern stations both were increasing until 

2014.  The northward contraction could displace these bivalves away from the known 

winter foraging areas for the spectacled eider. Farther north in the DBO3 regions, the 

shift of M. calcarea maximum abundance is towards the south. These results may be due 

to changing water column production and deposition to the benthos of usable organic 

carbon, including an increased supply of organic carbon to suspension feeders as fluxes 

have apparently increased through Bering Strait. We conclude that both DBO regions are 

seeing shifts in the population of M. calcarea due to changing physical and biological 

variables.  

In chapter 3, results indicated that the abundance of M. calcarea is increasing in 

the southern stations in the northern Bering Sea in more recent years (2015-2019), as 

opposed to the decline seen in chapter 2. Identical to the modeling effort from chapter 2, 

dominant size classes in both regions were best predicted by bottom water temperature 

and sediment-a chlorophyll-a inventories, continuing to highlight the importance of food 

quality and quantity in the Pacific Arctic, particularly for the benthic macrofaunal 

community.  

Finally, in chapter 4 (Goethel et al 2021, revised and submitted), individual 

organism respiration rates were found to be species-specific and the influences of 

temperature and food level on those rates are variable, in combination with total benthic 

community composition, both seasonally and geographically. Prior to our study, 

respiration rates of the bivalve, E. tenuis, had been unmeasured. The combination of 

sediment community oxygen consumption rates, individual macrofaunal respiration rates, 
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and shifting benthic populations, will allow for better predictions of the carbon demand 

that will be placed on this changing ecosystem in the future. 

5.2 Future Work  

 Although this work provides a means for answering several questions regarding 

the changing Pacific Arctic benthos, the work can also be greatly expanded upon. For 

example, expansion of size class measurements would be valuable to expand the time-

series length of these parameters.  

The time-series data presented here are relatively short and part of the DBO 

project and its 25-year dataset for benthic biomass. Future work should focus on creating 

a predictive model of bivalve abundance and biomass using appropriate environmental 

data (e.g. sediment chl-a, TOC, ≥5 phi grain size for both the DBO1 and 3 regions, along 

with bottom water temperature in the DBO3 region), which could improve the abundance 

and biomass dynamic factor analysis models from chapter 2. Shifts in the distribution of 

bivalve abundance and documentation of dominant size class of these species will allow 

future work to evaluate whether these observed changes are due to environmental 

changes or a product of natural variability within a population. Future work should aim to 

understand the decadal, cyclical patterns seen in the bivalve community at DBO1 adding 

in other bivalve species data as we did here with M. calcarea and Serippes spp. in DBO3. 

Additionally, because food has been repeatedly shown to be the main driver for benthic 

fauna in the Pacific Arctic, studies should combine food quality questions using isotopic 

and other tracer techniques with population dynamic studies. Moving forward, efforts 

should be made to continue to add to the collection of data examining seasonality, 
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geographical differences, and food quality. Ideally, this should include work with intact 

sediment cores, as well as individual species respiration rate determinations.   
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